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UPGRADING  OF  EXISTING  STRUCTURES  PHASE  III 
SHELTER  DESIGN  OPTIONS 

This  report  presents  a  summary  of  the  technical  work  performed  during 
Phase  III  of  a  program  to  develop  upgrading  techniques  for  existing  struc¬ 
tures.  This  investigation  has  included  the  development  of  failure  pre¬ 
diction  methodologies  for  the  most  common  construction  types,  in  both 
"as  built"  and  upgraded  configurations.  The  prediction  methodologies  are 
founded  on  engineering  mechanics,  limit  theory,  and  statistical  approaches 
to  failure  analysis  that  enable  realistic  assessment  to  be  made  of  fail¬ 
ure  probabilities  based  on  the  combined  effects  of  statistical  variation 
in  materials,  structural  elements,  and  construction  practices.  These 
analysis  and  prediction  techniques  have  been  applied  to  wood,  steel,  and 
concrete  roof  and  floor  systems;  both  full- and  small-scale  verification 
tests,  to  failure,  have  been  performed  statically,  dynamically,  and  in 
combination. 

To  date.  Scientific  Service,  Inc.,  has  conducted  full-scale  loading 
tests  to  failure  on  16  wood  joist  floors,  3  one-way  reinforced  concrete 
floors,  15  prestressed  concrete  hollow-core  slabs,  and  3  open-web  steel 
joist  floors  with  metal  decking  and  structural  concrete  topping.  Each 
type  of  construction  tested  Included  a  minimum  of  one  base  case  test;  that 
is,  "as  built"  without  any  upgrading.  The  additional  tests  in  each  group 
incorporated  various  upgrading  schemes  appropriate  to  the  construction 
type. 


These  full-scale  tests  have  been  complemented  by  a  variety  of  small- 
scale  tests  that  investigated  punching  shear  of  concrete  floors  and  the 
contribution  of  the  metal  decking  and  structural  concrete  topping  on  open- 
web  steel  joist  floors. 
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The  results  of  the  analytical  and  experimental  program  have  been  used 
to  develop  a  preliminary  survival  matrix  for  floors,  which ‘Is  presented  In 
Table  7-1.  This  matrix  Indicates  the  overpressure.  In  psi,  at  which  95% 
of  the  floor  systems  are  better  than  the  rating  provided^'  I.e.,  It  has 
been  assumed  that  a  5%  probability  of  collapse  Is  an  acceptable  risk  level. 
The  test  values  obtained  from  the  experimental  program  are  Indicated  on 
the  matrix.  Also  Included  Is  a  preliminary  survival  matrix  for  roofs 
(Table  7-2).  The  roof  matrix  does  not  contain  any  test  valces. 

The  su»*v1val  pressures  Indicated  for  the  various  types  of  construc¬ 
tion  were  determined  by  assuming  the  dead  loads  (load  of  structure  Itself) 
and  Increasing  the  design  live  loads  by  the  safety  factors  required  for 
the  design,  as  outlined  in  the  applicable  codes,  for  the  particular  con¬ 
struction  considered. 

Although  the  overpressure  values  indicated  do  not  consider  any  super¬ 
imposed  live  loads,  it  is  assumed  that  some  radiation  protection  would  be 
required.  Accordingly,  the  survival  overpressures  included  the  fallout 
radiation  protection  necessary  to  achieve  a  protection  factor  (P^)  of  100; 
i.e.,  18  inches  of  earth  (assumed  density  =  100  pcf)  or  other  materials  of 
comparable  density.  The  weight  of  this  radiation  protection  has  been  de¬ 
ducted  from  the  survival  overpressure  when  the  floor  or  roof  is  in  both 
thr  shored  and  the  "as  built"  configurations.  The  test  values  (italics) 
have  also  been  reduced  for  comparison  purposes  to  include  this  radiation 
protection. 

The  basic  construction  type  groups  in  Table  7-1  for  floors  are  further 
divided  into  categories  of  light,  medium,  and  heavy.  These  categories  are 
based  on  the  allowable  live  loads  for  types  of  occupancy,  as  specified  in 
the  building  codes,  and  are  defined  as  follows: 

Light  40  to  60  psf 

Medium  80  to  125  psf 

Heavy  150  to  25C  psf 


The  mldspan,  one-third  span,  and  one-quarter  span  shoring  may  be  lines 
of  shoring,  such  as  posts  and  beams  or  stud  walls,  placed  transverse  to 
one-way  structural  systems  (open-web  josts,  double  tees,  etc.),  or  It  may 
be  post  shores,  located  synnetrlcally  under  two-way  structural  systems  (flat 
slabs,  waffle  slab,  etc.).  The  king  post  truss  shoring  consists  basically 
of  cables  or  rods  secured  parallel  to  joists  or  beams  and  tensioned  to  form 
a  king  post  truss  configuration.  The  flange  system  consists  of  attaching 
bottom  flanges  to  wood  joists,  while  the  boxed  beam  system  Involves  "boxing" 
the  entire  celling  system  (wood  joists)  by  attaching  a  plywood  diaphragm, 
secured  to  the  joists,  under  the  entire  celling. 

The  results  of  this  Phase  III  effort  have  confirmed  some  of  the  sur¬ 
vival  estimates  In  Table  7-1  (which  was  first  published  In  1978)  and  have 
caused  some  modification  to  others. 

A  program  summary  section  of  this  report  Includes  charts  and  data  from 
a  number  of  reports  and  manuals  developed  by  Scientific  Service,  Inc.,  as 
part  of  the  overall  program. 
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TABLE  7-1:  PRELIMINARY  SURVIVAL  MATRIX  FOR  FLOORS 
Overpressure  at  Which  95%  of  Floors  Will  Survive  "As  Built"  and  With  Various  Types  of  Shoring 


Note:  Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100  (18  in.  of  earth  or  equivalent) 
superimposed  on  floor.  Assumed  density  of  earth  =  100  pcf. 

*  Glulam  not  tested.  t  -  Required  radiation  protection  (P^=100)  would  cause  floor  to  collapse. 


TABLE  7-1:  PRELIMINARY  SURVIVAL  MATRIX  FOR  FLOORS  (contd) 

Overpressure  at  Which  95%  of  Floors  Will  Survive  "As  Built"  and  With  Various  Types  of  Shoring 

(All  values  in  psi . ) 
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TABLE  7-1:  PRELIMINARY  SURVIVAL  MATRIX  FOR  FLOORS  (contd) 

Overpressure  at  Which  95%  of  Floors  Will  Survive  "As  Built"  and  With  Various  Typ 

(All  values  in  psi.) 


Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100  (18  in.  of  earth  or  equivalent) 
superimposed  on  floor.  Assumed  density  of  earth  =  100  pcf. 


TABLE  7-2:  PRELIMINARY  SURVIVAL  MATRIX  FOR  ROOFS 

Overpressure  at  Which  95%  of  Roofs  Will  Survive 
"As  Built"  and  With  Various  Types  of  Shoring.  All  values  in  psi. 


Type  of  Roof  Construction 
and  Dead  Load 

Shoring  Required 

As  Built 

Midspan 

1/3  Span 

1/4  Span 

WOOD  O.L.  =  15  psf 

Joist,  Glulam 

t 

0.6 

2.7 

— 

STEEL,  LIGHT  O.L.  =  25  psf 

Open-Web  Joist, 

Plywood  Deck 

t 

t 

0.2 

— 

STEEL,  HEAVY  O.L.  =60  psf 

Open-Web  Joist, 

Metal  Deck 

t 

t 

0.8 

— 

CONCRETE  D.L.  =  80  psf 

Single  &  Double  Tees, 
One-Way  Joists 

0.0 

2.2 

6.0 

— 

Hollow-Core  Slabs 

0.0 

2.3 

6.1 

- 

One-Way  Slabs 

0.2 

2.5 

6.4 

— 

Flat  Plate  &  Flat  Slabs 

0.2 

2.5 

6.4 

11.7 

Waffle  Slabs 

0.0 

1 

2.2 

6.0 

11.4 

Note:  Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100 
(18  in.  of  earth  or  equivalent)  superimposed  on  roof.  Assumed 
density  of  earth  =  100  pcf. 

All  values  are  predicted  values. 


t  —  Required  radiation  protection  (Pf  =  100)  would  cause  roof  to 
collapse. 
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INTRODUCTION 

BACKGROUND 

Current  Civil  Defense  planning  In  the  United  States  Is  based  on  the 
policy  of  "Crisis  Relocation."  This  policy  presumes  that  a  period  of 
crisis  buildup  or  International  tension  would  precede  any  future  major 
war.  This  period  of  crisis  would  allow  time  —  a  few  days  or  weeks  — 
to  accomplish  a  number  of  activities  to  protect  the  civilian  population 
and  Industry  from  attack.  These  activities  Include: 

1)  Evacuation  of  most  of  the  population  out  of  risk  areas  to 
host  areas  where  only  fallout  and  possibly  low-level  blast 
protection  would  be  required. 

2)  Development  of  shelter  In  the  risk  area  for  a  relatively 
small  contingent  of  key  workers  who  would  remain  behind  to 
maintain  necessary  services  —  fire  protection,  communica¬ 
tions,  military  production,  etc. 

3)  Hardening  and  protection  of  Industry. 

Scientific  Service,  Inc.,  is  conducting  three  interrelated  programs 
In  support  of  crisis  relocation  planning.  These  programs,  which  are  spon¬ 
sored  by  the  Federal  Emergency  Management  Agency,  Include:  the  develop¬ 
ment  and  testing  of  an  Industrial  hardening  manual,  the  development  and 
Implementation  of  shelter  plans  for  three  test  communities,  and  this 
effort,  which  Is  the  development  of  shelter  design  options. 

1 

There  were  several  parts  to  this  program:  a  combined  analytical  ! 


1-1 


and  experimental  effort  to  determine  the  as-built  failure  strength  of 
structural  systems  and  also  to  develop  a  range  of  upgrading  techniques 
for  three  structural  systems;  the  development  of  a  preliminary  working 
draft  of  a  key  worker  shelter  manual  (Ref.  1)  and  supplying  revisions 
for  the  Host  Area  Shelter  Manual  (Ref.  2),  which  was  developed  under 
Phase  II  of  this  effort.  This  report  presents  the  results  from  the  ana¬ 
lytical  and  experimental  portions  of  this  effort. 

REPORT  ORGANIZATION 

This  Is  the  technical  report  for  Phase  III  of  a  program  to  develop 
criteria  for  upgrading  of  existing  structures.  The  Phase  I  and  Phase  II 
reports  (Refs.  3  and  4)  contain  much  of  the  backup  material  and  preliminary 
test  data  necessary  to  an  understanding  of  the  results  of  the  program  con¬ 
ducted  this  year.  To  minimize  the  Inconvenience  of  undue  reference  to  these 
previous  reports,  some  of  that  material  has  been  summarized  and  Included 
In  this  report. 

The  remainder  of  this  report  is  organized  as  follows; 

Section  2  Open-Web  Steel  Joist  Tests 

Section  3  Prestressed  Concrete  Hollow-Core  Slab  tests 

Section  4  Wood  Floor  Tests 

Section  5  Concrete  Slab  Punching  Shear  Tests 

Section  6  Summary  of  Phase  III 

Section  7  Program  Summary 

Section  8  References 

Appendix  A  Open-Web  Steel  Joist  Floor  Test  Failure  Prediction 

Appendix  B  Prestressed  Concrete 


Section  2 

OPEN-WEB  STEEL  JOIST  TESTS 


INTRODUCTION 

During  the  previous  two  phases  of  the  program,  effort  was  devoted  to 
predicting  the  behavior  of  upgrading  techniques  for  floor  and  roof  systems 
constructed  with  open-web  steel  joists.  These  joists,  which  are  widely 
used  for  roofs  and  light  to  medium  design  (up  to  125  psf)  floors,  basically 
consist  of  top  and  bottom  chords  made  up  of  two  light  angles,  two  bars, 
or  a  tee,  and  web  members  made  from  a  continuous  round  bar  bent  back  and 
forth  between  the  chords  (to  form  the  webs)  and  welded  to  the  chords.  The 
joists  used  in  this  program  were  type  18H8  and  consisted  of  two  back-to- 
back  angles  top  and  bottom  (see  Figure  2-1).  The  18H8  joist  was  chosen 
because  of  its  common  use,  and  a  20-ft  length  span  was  chosen  because  it 
was  a  typical  span  and  would  only  require  one  row  of  bridging  in  order  to 
be  consistent  with  the  Steel  Joist  Institute  recommendations.  Accordingly, 
the  selected  joist  and  span  combination  represents  an  upper  bound  for  maxi¬ 
mum  unbraced  length  for  the  lower  chord. 

Under  normal  service  conditions,  the  top  chords  of  open-web  steel 
joists  are  subjected  to  axial  compression  and  are  restrained  laterally  by 
the  floor  slab  or  roof  deck  above.  The  bottom  chords  are  subjected  to 
axial  tension.  The  web  members  develop  both  tension  and  compression,  with 
compression  being  the  most  critical  because  of  the  slenderness  of  the 
?Tiember.  The  mode  of  failure  for  a  given  joist  is  a  function  of  the  span 
and  loading. 

The  procedure  used  in  this  program  is  to  make  predictions  based  on 
conventional  truss  analysis  and  validate  these  predictions  by  laboratory 
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Fig.  2-1.  18H8  Open-Web  Steel  Joist. 


tests  conducted  by  Scientific  Service,  Inc.,  at  San  Jose  State  University 
and  data  from  other  sources,  such  as  the  Waterways  Experiment  Station. 

By  using  this  approach  of  alternating  laboratory  tests  with  data  review 
and  prediction  analysis,  and  then  modifying  the  laboratory  test  program, 
it  is  possible  to  predict  the  behavior  of  the  majority  of  these  system 
types  with  a  minimum  of  full-scale  testing. 

Prior  to  the  initiation  of  the  test  program,  performance  predictions 
were  made  for  a  range  of  upgrading  options  involving  shoring  (Ref.  3). 

Because  of  lack  of  test  data,  many  simplifying  assumptions  were  made  in 
these  predictions,  the  most  significant  of  which  was  to  neglect  the  con¬ 
tribution  of  the  metal  and  concrete  decking.  These  predictions  are  pre¬ 
sented  in  Table  2-1.  It  will  be  noted  that  both  rigid  shores  and  shores 
with  a  gap  are  considered. 

TEST  PROGRAM  SUMMARY 

During  Phase  II,  conducted  in  1978  and  1979  (Ref.  4  ),  a  series  of 
three  full-scale  tests  of  open-web  steel  joist  floor  systems  was  conducted. 
These  tests  were  as  follows: 

Number  Description 

79-1  Case  1  —  base  case,  no  shoring  (not  tested  to  failure) 

79-2  Case  3a  —  shores  at  third  points  with  1/8-inch  gap 

79-3  Case  2b  —  shore  at  midspan  with  1/4-inch  gap 

The  results  of  these  tests  are  summarized  and  compared  with  the  pre¬ 
dictions  from  Table  2-1  in  Table  2-2.  It  will  be  noted  that  the  test 
failure  loads  are  higher  than  the  preliminary  predicted  values,  suggesting 
strongly  that  the  decking,  which  was  not  considered  in  the  preliminary 
predictions,  contributed  significantly  to  the  system's  overall  perform¬ 


ance. 


TABLE  2-1:  PERFORMANCE  PREDICTIONS 


TABLE  2-2:  PRELIMINARY  PREDICTIONS  COMPARED  WITH  TEST  DATA 


This  led  to  the  Phase  III  program,  conducted  In  1980,  where  It  was 
determined  that  It  would  be  desirable  to  conduct  a  base  case  test  to  fail¬ 
ure  and  then  use  sections  of  previously  tested  specimens  for  a  series  of 
four  smaller  scale  tests,  directed  specifically  to  obtaining  performance 
data  on  the  decking  and  to  determining  the  ultimate  moment  capacity  of 
the  top  chord  of  the  open-web  joist  and  Its  contribution  to  the  full-scale 
floor  system's  strength  and  stiffness.  These  tests  were  as  follows: 

Number  Description 

80-1  Case  1  —  base  case,  no  shoring  (tested  to  failure 

at  1,160  plf) 

80-2  Small  scale,  longitudinal  direction  loading 

80-3  Small  scale,  longitudinal  direction  loading 

80-4  Small  scale,  transverse  direction  loading 

80-5  Small  scale,  transverse  direction  loading 

A  finite  element  analytical  model  (described  In  Appendix  A)  was  then 
developed,  which  with  the  data  from  the  test  program  was  used  to  make 
revised  performance  predicitons.  These  predictions  are  presented  In 
Table  2-3. 

The  remainder  of  this  section  presents  a  brief  description  of  the 
test  procedures  and  the  test  results  for  each  of  the  1979  and  1980  tests. 
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TABLE  2-3:  REVISED  PERFORMANCE  PREDICTIONS  COMPARED  WITH  TEST  DATA 


FULL-SCALE  TESTS  OF  OPEN-WEB  JOIST  FLOOR  SPECIMENS 


Test  Arrangement 

Four  full-scale  tests  on  open-web  Joist  floor  systems  have  been  con¬ 
ducted  to  date.  All  of  the  test  specimens  have  an  overall  dimension  of 
6  feet  by  20  feet,  and  consist  of  three  open-web  steel  joists  (18H8), 
spaced  2  feet  on  center,  and  supporting  VERCO,  type  B-30  FORMLOK®,  1%-lnch 
deep,  22-gauge  fluted  metal  deck  with  a  4%-1nch  maximum  concrete  topping. 

The  concrete  topping  was  3  Inches  In  depth  above  the  flutes  and  was  rein¬ 
forced  with  6x6 — Wl.lxWl.4  welded  wire  fabric.  The  metal  decking  was 
attached  to  the  joists  with  plug  welds  In  accordance  with  the  manufacturer's 
reconinendatl ons ,  and  the  concrete  strength  was  greater  than  4,000  psi  at 
the  time  of  testing. 

Photographs  of  the  test  assemblies  under  construction  are  shown  In 
Figures  2-2  and  2-3,  and  details  are  shown  In  Figures  2-4  and  2-5. 
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Fig.  2-3.  Test  Assembly  Under  Construction. 
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plan  view 


4.  Construction  Details 


This  test  was  conducted  without  any  shoring  or  upgrading  modifi¬ 
cation.  The  test  specimen  was  not  loaded  to  failure,  but  was  tested  to 
obtain  load  deflection  data  In  the  elastic  domain.  Loading  was  applied 
to  the  test  specimen  by  hydraulic  rams  at  eight  locations,  spaced  equally 
along  the  length  of  the  test  sample  to  simulate,  as  closely  as  possible, 
a  uniform  load.  The  loading  configuration  Is  shown  In  Figure  2-6. 

The  load  was  applied  at  a  slow  rate  of  1.000  Ib/ram  Increments  with 
deflection  and  strain  data  recorded  at  each  load  increment.  The  test  was 
terminated  at  7,500  Ib/ram,  or  595  plf/joist,*  in  order  to  preserve  the 
structural  Integrity  of  the  assembly,  since  it  was  to  be  used  again  in 
Test  No.  79-3. 

A  plot  of  applied  load  per  joist  vs  midspan  deflection  for  Test  No.  79-1 
is  shown  in  Figure  2-7,  and  a  plot  of  applied  load  per  joist  vs  compressive 
stress  in  web  member  ^  Is  shomn  in  Figure  2-8.  A  review  of  this  data 
shows  It  to  be  linear  and  within  the  elastic  range,  indicating  that  no 
permanent  structural  damage  had  been  done. 


* 


Includes  95  plf/joist  dead  load. 


ig.  2-7.  Load  vs  Deflection,  Test  No.  79-1. 
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The  test  configuration  and  loading  arrangement  was  essentially  the  same 
as  in  Test  No.  79-1.  Two  rows  of  shoring  were  installed  approximately  at 
the  third  points  of  the  floor  system.  A  0.11-inch  stress  control  gap  was 
left  between  the  top  of  the  shores  and  the  joist  (see  Figures  2-9,  2-10, 

2-11,  and  2-12  for  shoring  location  and  details). 

In  addition  to  dial  gauges  measuring  deflection  at  midspan,  two  dial 
gauges  were  placed  on  the  decking  directly  over  the  left  shore.  Three 
strain  gauges  were  placed  on  the  open-web  joist  and  were  located  on  mem¬ 
bers  (3) .  @  ,  and  I®  . 

Load  was  applied  slowly  at  5,000  Ib/ram  load  increments,  with  deflec¬ 
tion  and  strain  data  recorded  at  each  increment.  The  load  was  increased  to 
approximately  50,000  Ib/ram,  at  which  point  load  cell  recording  devices  had 
reached  full  scale,  and  the  load  was  removed.  The  load  cell  recording  de¬ 
vice's  scale  range  was  increased,  and  a  second  load  test  was  performed,  but 
deflection  and  strain  data  were  not  taken.  Load  was  increased  to  approximately 
30,000  lb/''am  and  then  ramped  to  failure.  Failure  occurred  at  57,300  Ib/ram, 
or  3,820  pi f/ joist.  When  dead  load  is  included,  the  ultimate  failure  occurred 
at  3,920  plf/joist.  Plots  of  load  vs  deflection  are  shown  in  Figure  2-13 
and  load  vs  stress  in  members  (^  ,  and  in  Figure  2-14. 

A  posttest  examination  of  the  floor  system  indicated  that  two  failures 
had  occurred.  One  of  the  failures  occurred  at  the  left  shoring  support 
(see  Figure  2-15).  Load  was  transferred  between  the  floor  system  and  the 
shore  through  steel  bearing  plates  atop  a  horizontal  wood  beam.  A  bearing 
failure  occurred  here  in  the  wood,  which  ultimately  led  to  the  shear  fail¬ 
ure  in  the  horizontal  wood  beam.  The  other  failure  was  at  the  left  support 
where  web  member  had  undergone  considerable  elongation  due  to  strain 
hardening,  as  evidenced  by  the  cracked  and  chipped  paint  along  the  length 
of  the  member.  Additionally,  the  concrete  deck  and  double  angle  top  chord 
rotated  a  few  inches  away  from  the  left  support  and  ultimately  caused  a 
flexural  failure  in  the  concrete  deck,  which  is  shown  in  Figures  2-16  and  2-17. 
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Deflection,  Test  No.  79-2. 


2-2 


The  test  configuration  and  loading  arrangement  remained  the  same  as 
in  the  previous  tests  (see  Figure  2-18).  A  single  row  of  shoring  was  in¬ 
stalled  at  midspan  with  a  0.25-inch  stress  control  gap  between  the  top  of 
the  shore  and  the  joists  (see  Figures  2-19,  2-20,  and  2-21  for  details). 

Dial  gauges  were  placed  at  midspan  to  measure  deflection  over  the 
shores.  Additionally,  strain  gauges  were  applied  to  web  members  @  and 
(|7)  (see  Figure  2-18  for  member  locations). 

Loads  were  applied  in  2,500  Ib/ram  increments.  Deflection  and  strain 
data  were  recorded  at  each  load  increment.  The  load  was  increased  to 
27,500  Ib/ram,  or  1,833  plf/joist.  With  the  dead  load  included,  the  ulti¬ 
mate  load  was  1,928  plf/joist. 

A  plot  of  load  vs  deflection  is  shown  in  Figure  2-22;  load  vs  stress 
in  web  members  ^  and  (|7)  is  shown  in  Figures  2-23  and  2-24,  respectively. 

Failure  occurred  at  two  locations.  The  first  failure  occurred  at  the 
midspan  shore  where  the  4x4  beam  atop  the  shores  failed  in  flexure  directly 
over  the  shores  (see  Figure  2-25A).  The  failure  of  the  4x4  led  to  the 
buckling  failure  of  web  member  (||)  (Figure  2-25B)  in  all  three  joists. 

The  last  recorded  mi ds pan  deflection  prior  to  failure  was  0.595  inches  at 
25,000  Ib/ram  (1,761  plf/joist).* 


* 


Includes  95  plf/joist  dead  load. 


Configuration,  Test  No.  79-3 
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Fig.  2-24.  Load  vs  Compressive  Stress  in  Member  ,  Test  No.  79-3. 


Center  Joist  Shore  Aft 


B. 


'.■leb  ’’ember  After 


This  test  was  a  base  case  test  to  failure  on  a  simply  supported  open- 
web  joist  floor  system.  The  loading  arrangement  and  configuration  were  the 
same  as  that  used  In  Test  No.  79-1  (see  Figure  2-26),  In  addition  to  dial 
gauges  at  midspan  and  strain  gauges  on  web  member  (||) ,  two  accelerometers 
were  used.  One  accelerometer  was  placed  at  midspan  to  measure  the  natural 
frequency  of  the  entire  floor  system  simply  supported  at  Its  ends  and 
loaded  with  Its  own  dead  weight.  The  second  accelerometer  was  placed  on 
web  member  (^to  measure  Its  natural  frequency. 

Unlike  Test  No.  79-1,  this  test  was  loaded  slowly  In  2,000  Ib/ram 
Increments,  with  deflection  and  strain  data  recorded  at  each  Increment, 
to  failure.  Failure  occurred  at  15.9  kips/ram,  or  1,060  plf/jolst.  When 
the  dead  weight  of  the  floor  system  Is  Included,  the  ultimate  load  Is 
1,160  plf/jolst.  Failure  occurred  when  web  member  ^  buckled  In  all 
three  joists.  The  buckling  of  web  member  was  immediately  followed 
by  the  buckling  failure  of  web  members  (|1)  and  @  (see  Figure  2-26  for 
web  member  locations).  Photographs  of  this  area  after  failure  are  shown 
in  Figures  2-27  and  2-28). 

A  plot  of  load  per  joist  vs  midspan  deflection  is  shown  In  Figure  2-29, 
and  load  per  joist  vs  compressive  stress  In  member  (||)  Is  shown  In  Fig¬ 
ure  2-30. 

The  midspan  accelerometer  provided  a  means  to  evaluate  the  fundamental 
period  of  vibration  of  the  entire  floor  system  under  Its  own  dead  weight. 

The  fundamental,  or  natural,  period  was  found  to  be  0.074  seconds  per 
cycle  (see  Figure  2-31). 

A  second  accelerometer  on  web  member  ^  was  used  In  two  positions. 

The  first  position  measured  the  fundamental  period  of  the  web  member  In 
the  plane  of  the  open-web  joist  (longitudinal  direction).  A  second  test 
was  conducted  with  the  accelerometer  rotated  90  degrees  to  measure  the 


fundamental  period  perpendicular  to  the  plane  of  the  open>web  Joist  (trans¬ 
verse  direction).  These  two  periods  were  0.0043  seconds  per  cycle  and 
0.00630  seconds  per  cycle,  respectively.  Plots  of  acceleration  vs  time 
are  shown  for  both  tests  In  Figure  2-32. 

Note  that  the  last  recorded  midspan  deflection  just  prior  to  failure 
(1,160  plf/jolst)  was  0.0625  Inches.  In  comparison.  Test  No.  79-3  (shor¬ 
ing  at  midspan)  had  a  midspan  deflection  of  0.595  Inches  Just  prior  to 
failure  (1,928  plf/Jolst). 
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Compressive  Stress  in  Member  ,  Test  No.  80-1. 
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2-32.  Fundamental  Period  of  Web  Member  (^2)  ,  Test  No.  80-1. 
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TOP  CHORD  ASSCMBLY  TTSTS 


Introduction 

The  primary  objective  of  the  test  program  was  to  determine  the  upgrad¬ 
ing  potential  of  open-web  joist  floors  using  various  shoring  arrangements. 
With  an  upgraded  open-web  joist  floor  a  secondary  failure  can  occur  in  which 
the  slab  carrying  load  to  the  open-web  joists  collapses  prior  to  the  failure 
of  the  open-web  joist.  The  top  chord  assembly  test  program  examined  this 
secondary  failure  mechanism  to  determine  what  the  load-carrying  capacity 
for  the  particular  top  chord  assembly  was  and  to  develop  a  failure  prediction 
scheme  for  a  broad  range  of  floor  systems  of  this  type. 

Typical  floors  found  in  commercial  structures  of  this  type  are  constructed 
of  metal  decking  attached  via  puddle  welds  to  the  top  chord  of  the  open-v;eb 
joists.  A  layer  of  concrete  is  poured  atop  the  decking  to  complete  the 
floor.  The  concrete  is  poured  in  depths  ranging  from  2%  to  6  inches,  depend¬ 
ing  on  the  type  of  decking  used,  superimposed  live  loads,  and  the  spacing 
of  the  supporting  open-web  joists. 

The  metal  decking  and  concrete  topping  serve  a  dual  purpose  in  this 
type  of  floor  system.  They  serve  primarily  as  a  slab  carrying  load  to  the 
supporting  open-web  joists  and  secondarily  providing  continuous  lateral 
support  to  the  top  chord  of  the  open-web  joist,  thus  preventing  a  lateral 
buckling  failure  for  this  member. 

Objective 

These  tests  were  performed  to  determine  at  a  relatively  minor  cost  the 
top  chord  assembly's*  ultimate  moment  capacity  in  both  the  longitudinal  and 
transverse  directions  (parallel  and  perpendicular  to  the  open-web  joists. 


*  The  top  chord  assembly  consists  of  %  inches  of  reinforced  concrete 
topping,  fluted  metal  decking,  and  the  double  angle  top  chord  of  the 
18H8  open-web  joist. 
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respectively).  The  ultimate  moment  capacity  of  the  top  chord  assembly 
tested  in  the  longitudinal  direction  (see  Tests  Nos.  80-2  and  80-3)  was 
used  in  the  analysis  process  to  determine  if  the  top  chord  assembly  was  at 
or  near  failure  during  any  of  the  full-scale  floor  tests.  The  ultimate 
moment  capacity  of  the  top  chord  assembly  tested  in  the  transverse  direc¬ 
tion  (see  Tests  Nos.  80-4  and  80-5)  enabled  determination  of  its  ultimate 
load-carrying  capacity. 

Top  Chord  Assembly  Test  Specimens 

Four  sections  of  concrete  decking  were  removed  from  previous  full- 
scale  open-web  joist  floor  specimens.  A  concrete  saw  was  used  to  cut  the 
floors  into  sections.  A  gas  torch  was  then  used  to  cut  the  web  members 
off  the  open-web  joist. 

The  test  specimens  appeared  to  have  suffered  no  permanent  damage  from 
their  previous  loading.  The  damage  and  failure  in  the  previous  tests  was 
in  the  buckling  of  web  members  and  subsequent  damage  to  the  lower  chord. 

The  concrete  topping,  fluted  metal  decking,  and  double  angle  top  chord 
(i.e.,  top  chord  assembly)  of  the  open-web  joist  were  not  damaged.  The 
puddle  welds  connecting  the  double  angles  to  the  fluted  metal  deck,  because 
of  their  inaccessibility,  could  not  be  inspected,  and  a  few  may  have  failed 
during  the  floor  tests. 
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Tests  Nos.  80-2  and  80-3 


Test  specimens  80-2  and  80-3  were  tested  to  determine  the  ultimate 
moment  capacity  of  the  top  chord  assembly  in  the  longitudinal  direction 
(i.e.,  parallel  to  the  joists).  The  test  configuration  and  loading 
arrangement  for  these  tests  are  shown  in  Figures  2-33  and  2-34. 

Load  was  slowly  applied  in  2,000  lb  increments  to  failure.  Load  and 
deflection  data  were  recorded  at  each  load  increment.  A  plot  of  load  vs 
midspan  deflection  is  shown  in  Figure  2-35. 

Test  specimen  80-2  failed  at  a  load  of  32,000  lb,  and  specimen  80-3 
failed  at  28,000  lb.  Test  specimen  80-3  was  much  stiffer  than  specimen  80-2 
at  loads  below  about  14,000  lb,  but  note  that  both  test  specimens  attained 
approximately  the  same  ultimate  load  of  28,000  lbs,  which  corresponds  to 
an  ultimate  moment  of 

=  224  kip-in.  =  74.7  kip-in. /joist. 

Failure  was  caused  by  a  transverse  crack  in  the  concrete  at  midspan 
(see  Figure  2-36).  This  is  a  positive  moment,  flexural  crack  in  the 
concrete. 


I 
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SIDE  VIEW 


PLAN  VIEW 


Fig.  2-34.  Test  Configuration,  Test  No.  80-3. 
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Fig.  2-35.  Load  vs  Deflection,  Tests  Nos.  80-2  and  80.3. 


Posttest  Photographs,  Test 


These  specimens  were  tested  to  measure  the  ultimate  moment  capacity 
of  the  top  chord  assembly  In  the  transverse  direction. 

The  sketch  below  shows  the  applied  load  In  the  transverse  direction 
and  the  regions  of  positive  and  negative  moment. 


Specimen  80-4.  —  The  test  configuration  and  loading  arrangement  for 
test  specimen  80-4  are  shown  in  Figure  2-37.  The  objective  of  this  test 
was  to  determine  the  ultimate  negative  moment  capacity  (tension  on  the 
top  and  compression  on  the  bottom  fibers  of  the  section)  of  the  composite 
deck  (concrete  and  fluted  metal  decking). 

Two  load  tests  were  conducted:  the  first  (80-4A)  was  a  preload  of 
500  lb  increments  to  a  total  applied  load  (P)  of  9,000  lb;  the  second  test 
(80-48)  was  a  test  to  failure  at  1,000  lb  load  Increments  to  failure. 

Load  and  deflection  data  were  recorded  at  each  load  increment.  The  test 
specimen  failed  in  the  second  test  at  P  =  20,000  lb.  Below  is  a  sketch  of 
the  applied  load  and  moment  diagram  at  failure. 


UiAp-M^eisrT 
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The  corresponding  ultimate  negative  moment  capacity  of  the  decking 


Is: 


-My  =  105,000  lb-in.  =  1400  lb-in. /in. 

Plots  of  load  vs  deflection  for  both  the  preload  test  and  the  load 
to  failure  test  are  shown  In  Figures  2-38  and  2-39. 

Failure  occurred  as  expected  with  flexural  cracks  In  the  top  tension 
fibers  of  the  section  In  the  region  of  maximum  moment  (1e.,  between 
supports).  See  Figure  2-40  for  crack  location. 


Q{ReCT\Oh^ 
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Fig.  2-38.  Load  vs  Deflection  for  Test  No.  80-4A. 


Fig.  2-39.  Load  vs  Deflection,  Test  No.  80-4B. 


Specimen  80-5.  —  The  test  configuration  and  loading  arrangement  for 
specimen  80-5  is  shown  in  Figure  2-41.  This  test  was  conducted  to  determine 
the  ultimate  positive  moment  capacity  of  the  composite  deck. 

Load  was  applied  in  4,000  lb  increments  to  failure.  Ultimate  failure 
occurred  at  an  applied  load  of  30,000  lb.  Below  are  sketches  of  the  loading 
and  moment  diagram  at  failure. 


^  \i9,oe>o  ^ 


At  30  kips,  the  maximium  positive  moment  is 

=  240  kip-in.  =  3200  lb-in. /in. 

A  plot  of  load  vs  deflection  for  specimen  80-5  is  shown  in  Figure  2-42. 
Figure  2-43  shows  the  positive  moment  flexural  crack  in  the  section  of  the 
deck  under  maximum  positive  moment. 


i 


Fig.  2-43.  Posttest  Photographs,  Test  No.  80-5. 
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RESULTS  AND  CONCLUSIONS 


The  ultimate  moment  capacity  of  the  top  chord  assembly  for  the  test 
configurations  is  listed  in  Table  2-4. 


TABLE  2-4:  ULTIMATE  MOMENT  CAPACITY  OF  FLUTED  METAL  DECK 


’^ITH  CONCRETE 

TOPPING 

Test  No. 

Test  Description 

Ultimate  Moment  Capacity 

80-3 

Ultimate  positive  moment  capacity 
of  top  chord  assembly  in  the 
longitudinal  direction 

+M^  =  +74.7  kip-in. /joist 

80-4 

Ultimate  negative  moment 
capacity  of  concrete  decking 
in  transverse  direction 

-M  =  -1,400  lb-in. /in. 
u 

80-5 

Ultimate  positive  moment  capacity 
of  concrete  decking  in  the 
transverse  direction 

+M^  =  +3,200  lb-in. /in. 

The  manufacturer*  recommends  using  span  (i.e.,  joist  spacing)  from 
6  ft  0  inches  to  12  ft  0  inches  for  the  type  of  decking  used  in  this  test 
program.  The  ultimate  failure  load  for  both  of  these  spans  was  determined 
by  using  plastic  analysis.**  The  plastic  analysis  for  the  6  ft  0  inch  span 
is  shown  in  Figure  2-44. 

Table  2-5  compares  the  manufacturer's  recommended  load  to  the  pre¬ 
dicted  failure  load.  The  prediction  was  based  on  the  tested  ultimate 


*  VERCO  Manufacturing,  Inc.,  Cat.  V14,  Table  12. 

**  Sometimes  referred  to  as  limit  analysis. 


capacity  of  the  slabs  in  conjunction  with  plastic  analysis.  The  factor 
of  safety  against  failure  of  1.45  to  2.4  Is  lower  than  expected. 


TABLE  2-5:  DECKING  LOAD-CARRYING  CAPACITY  IN  THE  TRANSVERSE  DIRECTION 


Decking 

Span 

Manufacturer's 

Recommended 

Load 

Predicted 
Ultimate  Load 
Based  on  Tests 
80-4  &  80-5 

Factor  of  Safety 
Against  Failure 

6'  -  0" 

426  psf 

7.09  psi 

2.4 

(2.96  psi) 

12'  -0" 

177  psf 

1.78  psi 

1.45 

(1.23  psi) 

The  low  value(s)  of  the  factor  of  safety  suggest  that  the  specimens, 
which  were  taken  from  previously  tested  full-scale  floor  tests,  may  not 
have  been  undamaged  as  originally  hoped  In  the  planning  for  the  tests. 
Although  damage  was  not  evident  prior  to  testing,  bond  between  the  con¬ 
crete  and  decking  was  apparently  weakened  during  the  previous  testing. 

The  strength  of  the  decking  and  concrete  floor  slab  comes  from  the  composite 
action  between  the  concrete  and  steel  and  requires  an  effective  chemical 
bond  between  the  two  materials.  If  this  bond  is  broken  or  damaged,  as  Is 
believed  to  be  the  case,  the  ultimate  moment  capacity  will  be  substantially 
reduced. 

A  conservative  factor  of  safety,  which  would  be  consistent  with 
current  building  codes,  would  be  1.7  times  the  allowable  load  (I.e.,  the 
manufacturer's  recommended  load).  Using  this  factor  of  safety  and  the 
manufacturer's  recommended  loads  In  conjunction  with  plastic  analysis,  the 
full  range  of  composite  construction  for  concrete  and  fluted  metal  deck 
can  be  analyzed  for  almost  all  commercial  buildings  using  this  type  of 
construction. 
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Section  3 

PRESTRESSED  CONCRETE  HOLLOW-CORE  SLAB  TESTS 


INTRODUCTION 

This  is  the  second  series  of  concrete  floor  tests  conducted  and  re¬ 
ported  in  this  program.  The  first  series  consisted  of  three  tests  repre¬ 
senting  portions  of  reinforced  concrete  slabs  from  typical  beam,  slab,  and 
girder  buildings.  These  tests  were  reported  in  Refs.  3  and  4  ,  and  a 
summary  of  the  test  results  from  these  references  is  shown  below: 


Specimen 

Hardening 

Technique 

(KSF) 

(psi) 

1  (Ref. 

3) 

base  case 

0.875 

6.08 

2  (Ref. 

3) 

single  shore 

2.58 

17.92 

3  (Ref. 

4) 

double  shores 

5.24 

36.4 

During  this  phase  of  the  program  the  major  analytical  and  experimental 
efforts  were  devoted  to  prestressed  concrete  hollow-core  slabs.  The  pur¬ 
pose  of  this  work  was  to  develop  data  in  all  three  load  categories  — 
"light",  "medium",  and  "heavy"  — for  this  type  of  construction.  These 
slabs  are  widely  used  throughout  the  country  in  motel  and  apartment  struc¬ 
tures,  retail  stores,  manufacturing  buildings,  and  warehouses.  They  are 
commonly  used  where  fire-resistant  separations  are  required,  such  as  a 
floor  separating  underground  parking  from  living  quarters. 
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There  are  a  number  of  manufacturers  of  this  type  of  product  through¬ 
out  the  United  States.  The  particular  slabs  used  in  these  tests  were 
produced  by  a  national  manufacturer  who  accounts  for  a  significant  portion 
of  the  hollow-core  production  in  the  country.  Further,  the  tests  slabs 
were  deemed  to  be  representative  of  products  of  this  type  produced  by  the 
other  manufacturers. 

MANUFACTURE  OF  TEST  SLABS 

The  prescast  prestressed  hollow-core  concrete  slabs  used  for  these 
tests  were  40  inches  in  width  and  4,  8,  and  10  inches  thick.  (This  type 
of  slab  is  available  in  thicknesses  of  4,  6,  8,  10,  and  12  inches.)  The 
slab  units  are  produced  from  high  strength,  zero  slump  concrete  placed 
with  a  machine  that  deposits,  compacts,  and  finishes  the  concrete  in  three 
immediately  successive  layers  by  an  extrusion  process  in  one  complete 
operation,  resulting  in  a  monolithic  slab  section.  The  length  of  the  com¬ 
pleted  slab  is  the  full  length  of  the  casting  bed  (750  ft).  The  slabs 
are  cured  and  saw  cut  to  the  required  lengths,  at  which  time  the  transfer 
of  the  prestress  force  is  accomplished.  The  reinforcing  consists  entirely 
of  longitudinal  prestressing  strands,  which  were  pretensioned  between 
abutments,  located  at  each  end  of  the  casting  bed,  prior  to  concrete 
placement. 

DESIGN  OF  TEST  SLABS 

The  slabs  were  designed  in  accordance  with  the  1976  Uniform  Building 
Code  (Ref.  5  )  and  ACI  Standard  318-71  (Ref.  6  ).  The  design  section 
properties,  unit  weights,  concrete  strengths,  size,  number,  and  location 
of  strands,  and  design  spans  are  shown  for  the  4-,  8-,  and  10-inch-thick 
slabs  in  Figures  3-1,  3-2,  and  3-3.  The  prestressing  strand  used  was 
uncoated,  seven-wire,  stress-relieved  strand  with  ultimate  strengths  of 
250,000  Ib/in.^  or  270,000  Ib/in.^  and  conformed  to  the  requirements  of 
ASTM  A  416. 
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Fig.  3-1.  Design  Properties  of  4-inch  Prestressed  Precast  Hollow-Core 
Plank. 
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Fig.  3-2.  Design  Properties  of  8-inch  Prestressed  Precast  Hollow-Core 
Plank. 
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Fig.  3-3.  Design  Properties  of  10-inch  Prestressed  Precast  Hollow-Core 
Plank. 
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The  calculated  design  loads  for  each  test  slab  are  shown  on  Fig¬ 
ures  3-1,  3-2,  and  3-3.  The  calculations  used  to  determine  these  design 
ultimate  load  capacities  are  presented  in  Appendix  B. 


TEST  PROGRAM 

This  program  consisted  of  load  tests  to  failure  on  15  prestressed 
concrete  slabs,  manufactured  and  designed  as  previously  outlined  in  this 
section.  Three  thicknesses  of  plank  were  used  for  the  tests  —  4,  8,  and 
10  inches,  and  in  all  cases  the  plank  was  40  inches  wide.  The  cross- 
section  of  each  of  the  planks  was  as  shown  in  Figures  3-1,  3-2,  and  3-3. 
The  test  spans  were  :  12  ft  8  in.  for  the  4-inch-thick  units,  and 

18  ft  0  in.  for  the  8-  and  10-inch-thick  units,  center  to  center  of 
bearing. 

Four  tests  were  conducted  on  the  4-inch-thick  units,  five  tests  on 
the  8-inch-thick  units,  and  six  tests  on  the  10-inch-thick  units.  A  de¬ 
tailed  outline  of  each  test,  including  the  load  and  shoring  configurations 
used,  and  the  respective  results  are  presented  below. 


Both  of  these  tests  were  conducted  on  identical  slabs  simply  supported. 
The  load  was  applied  in  both  tests  at  two  locations  by  a  single  hydraulic 
ram  in  the  configuration  shown  in  Figure  3-4.  The  vertical  deflection  was 
measured  and  recorded  at  midspan  and  at  the  one-third  points. 


The  load  was  applied  at  a  slow  rate  in  500  lb  increments  and  the 
deflection  recorded  at  each  increment.  Both  test  slabs  failed  when  the 
applied  ram  load  reached  6,500  lb  (3,250  lb  at  each  one-third  point).  The 
calculated  uniform  load  at  failure  was  205  psf  (1.4  psi).  The  uniform 
load  vs  midspan  deflection  curves  are  shown  in  Figures  3-5  and  3-6  for 
Tests  Nos.  1  and  2,  respectively. 


The  failure  occurred  in  a  similar  manner  in  both  tests.  Vertical 
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tension  cracks  were  first  noted  between  the  load  points  at  approximately 
110  psf  (0.8  psi),  and  the  slabs  failed  suddenly  in  flexure  at  their 
approximate  midspan  after  supporting  the  20b  psf  (1.4  psi)  load  for 
several  minutes.  The  failed  slabs  were  completely  separated  at  midspan, 
and  an  abrupt  tension  failure  of  the  strands  occurred  with  little  or  no 
indication  of  yield.  An  inspection  of  the  ends  of  the  slabs  after  testing 
did  not  indicate  any  evidence  of  strand  bond  failure  in  either  of  the 
tests. 

Figure  3-7  shows  the  4-inch  slabs  prior  to  testing.  Figure  3-8  shows 
Test  No.  1  after  test.  Figure  3-9  is  of  Test  No.  2  during  test  and  shows 
the  tension  cracks  forming;  and  Figure  3-10  shows  Test  No.  2  after  test. 
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Fig.  3-4.  Loading  Configuration 
Tests  Nos.  1  and  2. 
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Fig.  3-6.  Uniform  Load  vs  Deflection,  Test  No.  2,  Base  Case,  4-inch  Slab. 
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Fig.  3-7.  Pretest  i^hotonrarhs  oi  4-inch  Slabs,  Tests  Nos.  1  and  2. 
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Test  No.  3  (Shored  at  Midspan.  4-inch  Slab) 

The  slab  used  for  this  test  was  simply  supported  at  its  ends  and 
shored  at  midspan  with  a  timber  shore  shimmed  tightly  against  the  bottom 
of  the  slab.  The  load  was  applied  at  four  locations  by  two  hydraulic  rams 
in  the  configuration  shown  in  Figure  3-11.  The  vertical  deflection  was 
measured  and  recorded  at  midspan  (over  the  shore)  and  at  the  one-quarter 
points. 

The  load  was  applied  at  a  slow  rate  in  1000  Ib/ram  increments  and 
the  deflection  recorded  at  each  increment. 

The  test  slab  failed  when  the  applied  load  reached  16,000  Ib/ram.  The 
calculated  uniform  load  at  failure  was  1,012  psf  (7.0  psi).  The  uniform 
load  vs  deflection  curve  for  each  span  is  shown  in  Figure  3-12. 

Positive  moment  tension  cracks*  near  the  center  of  each  span  and  a 
negative  moment  tension  crack*over  the  shore  were  noted  in  the  slab  at 
approximately  822  psf  (5.7  psi).  The  failure  occurred  in  flexure  near 
the  center  of  each  of  the  spans. 

Figure  3-13  shows  the  4-inch  slab,  shore  in  place,  before  and  after 
test;  Figure  3-14  shows  the  negative  moment  tension  crack,  which  occurred 
over  the  shore,  after  test. 


*  Note:  Positive  moment  tension  cracks  are  those  that  occur  on  the  bottom 
of  the  test  slabs,  and  negative  moment  tension  cracks  are  those  that 
occur  on  the  top. 
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Fig.  3-13.  Pre-  and  Posttest  Photographs,  Tost  ‘Jo, 
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Negative  Moment  Tension  Crack,  Test  No.  3,  After  Test. 
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Test  No.  4  (Shored  at  One-Third  Span,  4-inch  Slab) 

The  slab  used  for  this  test  was  simply  supported  at  Its  ends  and 
shored  at  the  one-third  points  with  timber  shores  shimmed  tightly  against 
the  bottom  of  the  slab.  The  load  was  applied  at  six  locations  by  three 
hydraulic  rams  in  the  configuration  shown  in  Figure  3-15.  The  vertical 
deflection  was  measured  and  recorded  at  the  one-third  points  (over  the 
shores)  and  at  three  locations  midway  between  each  support. 

The  load  was  applied  at  a  slow  rate  in  1,000  Ib/ram  increments  and 
the  deflection  recorded  at  each  increment.  The  test  slab  failed  when  the 
applied  load  reached  25,500  Ib/ram.  The  calculated  uniform  load  at  failure 
was  2,431  psf  (16.9  psi).  The  uniform  load  vs  relative  deflection  curves 
for  the  left  and  right  spans  are  shown  in  Figure  3-16. 

Positive  moment  tension  cracks  first  occurred  at  the  center  of  the 
spans  at  1,811  psf  (12.6  psi),  and  the  first  negative  moment  crack  occurred 
over  a  shore  at  2,002  psf  (13.9  psi).  The  slab  failed  when  bond  failure 
of  the  prestressing  strands  occurred,  resulting  in  a  shear/ flexure  failure 
of  the  end  spans. 

Figure  3-17  shows  one  of  the  shores  used,  prior  to  test.  The  post¬ 
test  photographs  in  Figure  3-18  shows  the  full  test  assembly  and  loading 
configuration,  and  one  of  the  negative  moment  tension  cracks  after  test. 
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Fig.  3-16.  Uniform  Load  vs  Deflection,  Test  No.  4,  One-Third  Shoring, 
4-inch  Slab. 
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Test  No.  5  (Base  Case.  8-1nch  Slab) 

The  slab  in  this  test  was  simply  supported.  The  load  was  applied  at 
two  locations  by  two  hydraulic  rams  in  the  configuration  shown  in  Fig¬ 
ure  3-19.  The  vertical  deflection  was  measured  and  recorded  at  midspan 
and  at  the  one- third  points. 

The  load  was  applied  at  a  slow  rate  in  1,000  Ib/ram  increments  and 
the  deflection  recorded  at  each  increment.  The  slab  failed  when  the  applied 
load  reached  9,000  Ib/ram.  The  calculated  uniform  load  at  failure  was 
400  psf  (2.8  psi).  The  uniform  load  vs  deflection  curve  for  midspan  is 
shown  in  Figure  3-20. 

Positive  moment  tension  cracks  were  first  noted  under  each  load  point 
at  approximately  178  psf  (1.2  psi).  The  failure  occurred  in  flexure  at 
these  locations.  A  careful  inspection  of  the  slab  after  test  indicated 
bond  failure  of  the  strands  at  each  end  had  also  occtirred. 

Figure  3-21  shows  the  slab  before  and  after  test.  The  posttest  photo¬ 
graphs  in  Figure  3-22  show  one  of  the  positive  moment  tension  cracks  after 
test  and  the  distress  caused  by  a  compression  failure  of  the  concrete. 
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Fig.  3-19.  Loading  Configuration,  Base  Case,  8-inch  Slab,  Test  No.  5. 
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Fig.  3-21.  Pre-  and  Posttest  Photographs,  Test  Mo. 


Both  of  these  tests  were  conducted  on  identical  slabs  simply  supported 
and  shored  at  midspan.  The  two  tests  differed  in  the  type  and  method  of 
shoring.  In  Test  No.  6,  the  shore  consisted  of  a  structural  steel  tube 
shimmed  tightly  against  the  bottom  of  the  slab.  Figure  3-23  shows  this 
shore  in  position  prior  to  test.  Test  No.  7  utilized  a  shore  constructed 
of  heavy  timber  in  such  a  manner  as  to  permit  the  slab  to  deflect  14  inches 
prior  to  picking  up  any  load.  This  gap  was  achieved  by  shimming  the  shore 
tightly  against  the  bottom  of  the  slab  with  the  14-inch  gap  at  the  bottom, 
and  securing  it  in  place  with  lightly  nailed  boards  on  either  side  of  the 
base.  This  shore,  in  position  prior  to  test,  is  shown  in  Figure  3-24. 


The  purpose  of  the  two  different  types  of  shore  systems  was  to  deter¬ 
mine  if  the  performance  varied  between  these  two  extremes  in  shoring;  i.e., 
one  permitting  no  vertical  moment  at  midspan  (Test  No.  6)  and  the  other 
permitting  substantial  vertical  movement  —  14  inches  plus  the  normal 
crushing  of  the  timber  (Test  No.  7). 


The  load  was  applied  in  both  tests  at  four  locations  by  two  hydraulic 
rams  in  the  configurations  shown  in  Figure  3-25.  The  vertical  deflection 
was  measured  and  recorded  at  the  quarter  points  and  at  midspan  (over  the 
shores).  In  both  tests,  the  load  was  applied  at  a  slow  rate  of  2,000  Ib/ram 
increments  and  the  deflection  recorded  at  each  increment. 
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Fig.  3-25.  Loading  Configuration  —  Scored  at  Midspan,  8-inch  Slabs, 
Tests  Nos.  6  and  7. 
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In  Test  Nc.  c. ,  tne  s'lar.  fa’^'iec  wner  the  appliea  loaa  reachec 
35,000  Ib/ram.  The  calculated  uniform  load  at  failure  was  1,557  psf 
(10.8  psi).  The  uniform  load  vs  relative  deflection  curve  for  each  span 
is  shown  in  Figure  3-26. 

A  negative  moment  tension  crack  at  midspan,  over  the  shore,  and  posi¬ 
tive  moment  tension  cracks  at  the  approximate  quarter  points  occurred  at 
1,068  psf  (7.4  psi),  and  failure  occurred  as  a  result  of  bond  failure  and 
flexure. 

Figure  3-27  shows  the  slab  before  and  after  test.  Figure  3-28A  shows 
the  negative  moment  tension  crack  after  test,  and  Figure  3-28B  shows  one 
of  the  positive  moment  flexure  cracks  after  test. 
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Fig.  3-26.  Uniform  Load  vs  Deflection,  Test  No.  6,  Midspan  Shoring 
8-inch  slab. 


3-33 


I 


In  Test  No.  7,  the  slab  failed  when  the  applied  load  reached 
37,000  Ib/ram.  The  calculated  uniform  load  at  failure  was  1,646  psf 
(11.4  psi).  The  uniform  load  vs  relative  deflection  curve  for  each  span 
is  shown  in  Figure  3-29. 

The  first  positive  moment  tension  crack  was  noted  near  a  quarter  point 
at  356  psf  (2.5  psi).  The  negative  moment  tension  crack  occurred  at 
1,157  psf  (8.0  psi).  The  failure  occurred  as  a  result  of  bond  failure  in 
the  prestressing  strands,  causing  loss  of  load-carrying  capacity  by 
shear/ fl exure. 

Figure  3-30  shows  the  slab  before  and  after  test.  Figure  3-31  shows 
the  failure  near  the  left  support  and  the  right  span  failure. 
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Fig.  3-29.  Uniform  Load  vs  Deflection,  Test  No.  7,  Midspan  Shoring, 
8-inch  Slab. 
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Tests  Nos.  8  and  9  (Shored  at  Two  Locations.  8-inch  Slabs) 

These  two  tests  were  conducted  on  identical  slabs  simply  supported 
and  shored  at  two  locations  with  timber  shimmed  tightly  against  the 
bottom  of  the  slabs.  The  only  variable  in  the  two  tests  was  the  shore 
location.  In  Test  No.  8,  the  shores  were  located  at  the  one-third  points. 
In  Test  No.  9,  the  two  shores  were  positioned  at  the  outside  one-quarter 
points.  The  shoring  and  loading  configurations  are  shown  in  Figure  3-32. 
The  purpose  of  varying  the  shoring  configuration  in  each  test  was  to 
determine  the  effect  of  this  dimensional  change  on  the  performance  of  the 
system. 

In  Test  No.  8,  the  load  was  applied  at  six  locations  by  three  hydrauli 
rams,  and  in  Test  No.  9  at  eight  locations  by  four  rams.  Figure  3-32 
shows  these  loading  configurations.  The  vertical  deflection  in  each  test 
was  measured  midway  between  each  of  the  supports  and  over  each  of  the 
shores. 

In  both  tests,  the  load  was  applied  at  a  slow  rate  of  4,000  Ib/ram 
increments  and  the  deflection  recorded  at  each  increment. 


3-40 


Fig.  3-32.  Loading  Configuration  — Two  Shores,  8-inch  Slabs, 
Tests  Nos.  8  and  9. 
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In  Test  No.  8,  the  slab  failed  when  the  applied  load  reached 
44,000  lb/ ram.  The  calculated  uniform  load  at  failure  was  2,936  psf 
(20.4  psi).  The  uniform  load  vs  relative  deflection  curve  for  each  span 
is  shown  in  Figure  3-33. 

The  first  positive  moment  tension  crack  occurred  in  an  end  span  at 
1,868  psf  (13.0  psi),  and  negative  moment  tension  cracks  were  noted  over 
both  shores  at  2,669  psf  (18.5  psi).  The  failure  occurred  in  shear/flexure 
in  the  right  span  as  a  result  of  bond  failure  of  the  prestressing  strands. 
The  loads  continued  to  be  applied  to  the  center  and  left  spans  until  failure. 
The  left  span  failed  at  3,870  psf  (26.9  psi),  and  the  center  span  failed 
at  5,072  psf  (35.2  psi ) . 

Figure  3-34  shows  the  slab  before  and  after  test.  Figure  3-35A  shows 
the  failure  of  the  right  span,  and  Figure  3-35B  shows  the  failure  of  the 
center  span,  which  occurred  just  left  of  the  right  shore. 
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-34.  Pre-  and  Posttest  Photographs,  Test  No.  8. 
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In  Test  No.  9,  the  slab  failed  when  the  applied  load  reached 
38,000  Ib/ram.  The  calculated  uniform  load  at  failure  was  3,043  psf 
(21.1  psi).  The  uniform  load  vs  relative  deflection  curve  for  each  span 
Is  shown  In  Figure  3-36. 

The  first  positive  moment  tension  crack  occurred  In  the  center  span 
at  1,121  spf  (7.8  psi),  and  negative  moment  tension  cracks  were  noted  over 
both  shores  at  1,361  psf  (9.4  psi).  The  failure  occurred  In  the  center 
span  as  a  result  of  shear/ flexure.  The  load  continued  to  be  applied  to 
the  two  end  spans  until  failure.  Both  spans  failed  as  a  result  of  bond 
failure  at  3,915  psf  (27.2  psi). 

Figure  3-37  shows  the  test  slab  after  test,  with  the  center  span 
failure.  Figure  3-38  shows  the  left  and  right  span  failures. 
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Test  No.  10  (Base  Case,  10-inch  Slab) 


The  si' j  used  in  this  test  was  simply  supported.  The  load  was  applied 
at  two  locations  by  two  hydraulic  rams  in  the  configuration  shown  in  Fig¬ 
ure  3-39.  The  vertical  deflection  was  measured  and  recorded  at  midspan 
and  at  the  one-third  points. 

The  load  was  applied  at  a  slow  rate  in  1,000  Ib/ram  increments  and 
the  deflection  recorded  at  each  increment.  The  slab  failed  when  the 
applied  load  reached  18,500  lb/ ram.  The  calculated  uniform  load  at  fail¬ 
ure  was  823  psf  (5.7  psi).  The  uniform  load  vs  deflection  curve  for  mid¬ 
span  is  shown  in  Figure  3-40. 

A  positive  moment  tension  crack  was  first  noted  under  the  right  load¬ 
ing  point  at  approximately  400  psf  (2.8  psi).  The  failure  occurred  in 
flexure  at  the  location  of  this  first  crack,  simultaneously  with  a  pre¬ 
stressing  strand  bond  failure  at  the  right  end  of  the  slab. 

Figure  3-41  shows  the  slab  prior  to  test.  Figure  3-42  shows  the 
tension  cracks  under  the  right  load  point  during  test.  Figure  3-43  shows 
the  failed  slab  after  test.  Figure  3-44A  shows  a  closeup  of  the  failed 
section  after  test.  Figure  3-44B  is  a  closeup  of  the  right  end  of  the 
slab  after  test  and  shows  a  small  hole  where  one  of  the  prestressing 
strands  failed  in  bond  and  has  been  drawn  in.  This  bond  failure  occurred 
in  all  six  strands. 
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Fig,  3-39.  Loading  Configuration  —  Base  Case,  10-inch  Slab,  Test  No.  10. 
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Tests  Nos.  11  and  12  (Shored  at  Midspan.  10-Inch  Slabs) 

Both  of  these  tests  were  conducted  on  Identical  slabs  simply  supported 
and  shored  at  midspan.  The  two  tests  differed  in  the  type  of  shoring  used. 
In  Test  No,  11,  the  shore  consisted  of  a  structural  steel  tube  and  in 
Test  No  12,  heavy  timber.  The  steel  and  timber  shores  were  both  shimmed 
tightly  against  the  bottom  of  the  test  slabs,  as  shown  In  Figure  3-45. 

The  purpose  of  testing  the  two  different  types  of  shores  was  to  see 
if  a  variance  in  performance  exists  between  a  shore  that  permits  no  verti¬ 
cal  movement  (steel  in  Test  No.  11)  and  a  shore  that  permits  some  vertical 
movement  (timber  in  Test  No.  12),  because  of  the  normal  crushing  of  the 
timber.  It  might  be  pointed  out  that  these  tests  are  similar  to  Tests 
Nos,  6  and  7  that  were  conducted  on  the  8-inch  slabs,  except  that  in  Test 
No,  7  the  timber  shore  provided  a  l^s-inch  gap.  In  Tests  Nos.  11  and  12, 
as  mentioned  above,  both  shores  are  shimmed  tightly. 

The  load  was  applied  in  both  tests  at  four  locations  by  two  hydraulic 
rams  in  the  configurations  shown  in  Figure  3-46.  The  vertical  deflection 
was  measured  an  recorded  at  the  quarter  points  and  at  midspan  (over  the 
shores) . 

In  both  tests,  the  load  was  applied  at  a  slow  rate  of  4,000  lb/ ram 
increments  and  the  deflection  recorded  at  each  increment. 
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3-46.  Loading  Configuration  —  Shored  at  Midspan,  10-inch  Slabs, 
Tests  Nos.  11  and  12. 


In  Test  No.  11.  the  slab  failed  when  the  applied  load  reached 
68,000  Ib/ram.  The  calculated  uniform  load  at  failure  was  3,025  psf 
(21.0  psi).  The  uniform  load  vs  relative  deflection  curve  for  each  span 
is  shown  in  Figure  3-47. 

A  negative  moment  tension  crack  at  midspan  over  the  shore  occurred 
at  1,602  psf  (11.1  psi).  Positive  moment  tension  cracks  were  first  noted 
at  1,780  psf  (12.4  psi).  The  failure  occurred  as  a  result  of  bond  failure 
of  the  prestressing  strands,  causing  a  sudden  shear/flexure  failure  in 
the  left  span. 

Figure  3-48A  shows  the  slab  prior  to  test.  Figure  3-48B  shows  the 
left  end  of  the  slab  after  test.  Figure  3-49A  shows  a  closeup  of  the 
failed  portion  of  the  slab,  and  Figure  3-49B,  the  negative  moment  tension 
crack  over  the  shore  after  test. 
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Fig,  3-47.  Uniform  Load  vs  Deflection,  Test  No.  11,  Midspan  Shoring, 
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In  Test  No.  12,  the  slab  failed  when  the  applied  load  reached 
66,000  Ib/ratn.  The  calculated  uniform  load  at  failure  was  2,937  psf 
(20.4  psi).  The  uniform  load  vs  relative  deflection  curve  for  each  span 
Is  shown  In  Figure  3-50. 

A  negative  moment  tension  crack  at  midspan  over  the  shore  occurred 
at  1,958  psf  (13.6  psi).  Positive  moment  tension  cracks  were  first  noted 
at  2,135  psf  (14.8  psi).  The  failure  occurred  as  a  result  of  bond  fail¬ 
ure  of  the  prestressing  strands,  causing  a  sudden  shear  failure  near  the 
left  support. 

Figure  3-51A  shows  the  slab  during  test,  ittmediately  after  the  forma¬ 
tion  of  the  negative  moment  tension  crack.  Figure  3-51B  shows  the  left 
end  of  the  slab  after  test.  The  closeup  photographs  in  Figure  3-52  show 
the  failed  portion  of  the  slab  and  the  left  end  after  test.  The  bond 
failure  of  the  prestressing  strands  is  evident  in  this  figure. 
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Fig.  3-50.  Uniform  Load  vs  Deflection,  Test  No.  12,  Midspan  Shoring, 
10-inch  Slab. 
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Test  No.  13  (Shored  at  One-Third  Span,  10-inch  Slab 


The  slab  used  for  this  test  was  simply  supported  at  its  ends  and 
shored  at  the  one-third  points  with  timber  shoring  shimmed  tightly  against 
the  bottom  of  the  slab.  The  load  was  applied  at  six  locations  by  three 
hydraulic  rams  in  the  configuration  shown  in  Figure  3-53.  The  vertical 
deflection  was  measured  and  recorded  at  the  one-third  points  (over  the 
shores)  and  at  three  locations  midway  between  each  support. 

The  load  was  applied  at  a  slow  rate  in  8,000  Ib/ram  increments  and 
the  deflection  recorded  at  each  increment.  The  test  slab  failed  when  the 
applied  load  reached  72,000  Ib/ram.  The  calculated  uniform  load  at  fail¬ 
ure  was  4,805  psf  (33.4  psi).  The  uniform  load  vs  relative  deflection 
curve  for  each  span  is  shown  in  Figure  3-54. 

Positive  moment  tension  cracks  first  occurred  at  the  center  of  the 
spans  at  2,669  psf  (18.5  psi),  and  the  first  negative  moment  tension  crack 
occurred  over  a  shore  at  4,004  psf  (27.8  psi).  The  slab  failed  when  bond 
failure  of  the  prestressing  strands  occurred  at  the  slab  ends,  resulting 
in  a  shear/ flexure  failure  near  the  end  supports.  The  center  span  con¬ 
tinued  to  be  loaded  until  failure,  which  occurred  at  7,474  psf  (51.9  psi) 
and  was  the  result  of  a  shear/flexure  failure  adjacent  to  the  right  shore. 

Figure  3-55  shows  the  slab  before  and  after  test.  Figure  3-56  shows 
the  failure  near  the  left  and  right  supports.  Figure  3-57A  shows  the 
negative  moment  tension  crack  over  the  left  shore  after  test,  and  Fig¬ 
ure  3-57B  shows  the  failure  adjacent  to  the  right  shore  after  test. 
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Fig.  3-53.  Loading  Configuration  —  Shored  at  One-Third  Points, 
10-Inch  Slab,  Test  No.  13. 
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Fig.  3-54.  Uniform  Load  vs  Deflection,  Test  No.  13,  One-Third  Point 
Shoring,  10-inch  Slab. 


Tests  Nos.  14  and  15  (Shored  at  Two  Locations,  10-inch  Slab) 

These  two  tests  were  conducted  on  identical  slabs  simply  supported 
and  shored  with  timber  at  the  outside  one-quarter  points.  The  shoring 
and  loading  configuration  for  both  tests  are  shown  in  Figure  3-58.  The 
purpose  of  these  tests  was  to  vary  the  two  shore  configurations  with  re¬ 
spect  to  Test  No.  13,  in  order  to  determine  the  effect  of  this  dimensional 
change  on  the  system's  performance.  The  reason  for  duplicating  Test  No.  14 
with  Test  No.  15  was  to  verify  the  collapse  loads  and  modes  of  failure. 

In  both  tests,  the  load  was  applied  at  eight  locations  by  four  rams, 
and  the  vertical  deflection  was  measured  midway  between  each  of  the  sup¬ 
ports  and  over  each  of  the  shores.  The  loads  were  applied  at  a  slow  rate 
in  varying  increments  of  4,000  to  8,000  lb/ ram  and  the  deflection  recorded 
at  each  increment. 


3-73 


In  Test  No.  14.  the  slab  failed  when  the  applied  load  reached 
50,000  Ib/ram.  The  calculated  uniform  load  at  failure  was  4,004  psf 
(27.8  psi).  The  uniform  load  vs  relative  deflection  curve  for  each  span 
is  shown  In  Figure  3-59. 

The  first  positive  moment  tension  crack  occurred  in  the  center  span 
at  1,602  psf  (11.1  psi),  and  negative  moment  tension  cracks  were  noted 
over  both  shores  at  2,883  psf  (20.0  psi).  The  failure  occurred  in  shear/ 
flexure  in  the  center  span,  just  inside  the  left  shore.  An  examination  of 
the  failed  area  indicated  considerable  loss  of  bond  in  the  prestressing 
strands. 

Figure  3-60A  shows  the  slab  prior  to  test.  Figure  3-60B  shows  the 
failed  area  immediately  after  test  and  before  unloading.  Figure  3-61A 
shows  the  slab  after  test  and  after  unloading.  Figure  3-61B  shows  a 
closeup  of  the  failed  section. 
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Fig.  3-59. 


Uniform  Load  vs  Deflection,  Test  No.  14,  Shored  at  One-Third 
Points,  10-inch  Slab. 
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In  Test  No.  15.  The  slab  failed  when  the  applied  load  reached 
46,000  Ib/ram.  The  calculated  uniform  load  at  failure  was  3,687  psf 
(25.6  psi).  The  uniform  load  vs  relative  deflection  curve  for  each  span 
is  shown  in  Figure  3-62. 

The  first  positive  moment  tension  crack  occurred  in  the  center  span 
at  1,281  psf  (8.9  psi),  and  negative  moment  tension  cracks  were  noted 
over  both  shores  at  2,883  psf  (20.0  psi).  The  failure  occurred  in  the 
center  span  as  a  result  of  shear/flexure.  Evidence  of  strand  bond  failure 
was  again  present  at  the  failed  section. 

Figure  3-63  shows  the  slab  before  and  after  test.  Figure  3-64  shows 
closeup  photographs  of  the  failed  section  of  the  slab. 


t 
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Fig.  3-62.  Uniform  Load  vs  Deflection,  Test  No.  15,  Shored  at 
One-Quarter  Points,  10-inch  Slab. 


SUMMARY 


Below  is  a  summary  of  the  precast  concrete  hollow-core  slab  tests 
discussed  in  this  section  of  the  report. 

TABLE  3-1 

PRESTRESSED  CONCRETE  HOLLOW-CORE  SLABS  —  SUMMARY  OF  TEST  DATA 


Test  Slab 
No.  Thickness 


Upgrading 


None 

None 

Midspan  —  Timber 
One-third  span  —  Timber 


None 


205 

205 

1,012 

2,431 

400 


Midspan  —  Steel 

1,557 

10.8 

Midspan — Timber,  l^s-in.  gap 

1,646 

11.4 

One-third  span  —  Timber 

1 

2,936 

20.4 

Two  shores,  one  each  at 
one-quarter  span  from  support 

3,043 

21.1 

None 

823 

5.7 

Midspan  —  Steel 

3,025 

21.0 

Midspan  —  Timber 

2,937 

20.4 

One-third  span  —  Timber 

4,805 

33.4 

Two  shores,  one  each  at 
one-quarter  span  from  support 

4,004 

27.8 

Two  shores,  one  each  at 
one -quarter  span  from  support 

3,687 

25.6 

{ 


Several  interesting  variations  were  introduced  into  this  test  program 
for  evaluation.  One  was  the  shoring  of  identical  test  assemblies  with 
different  shoring  systems  and  materials,  and  another  was  varying  the  shore 
locations  in  the  two-shore  upgrading  configurations  from  the  traditional 
one-third  span  positions,  a  comparison  again  conducted  on  identical  test 
assemblies.  An  analysis  of  these  data  indicates  the  following; 

Comparison  of  Shore  Types 

In  this  case  the  tests  referred  to  are  Tests  Nos.  6  and  7  and  Tests 
Nos.  11  and  12  (see  Table  3-1).  Tests  Nos,  6  and  7  were  identical  assem¬ 
blies  shored  at  the  same  location,  but  the  shore  in  Test  No,  7  was  con¬ 
structed  to  permit  a  IJj-inch  deflection  at  midspan  prior  to  picking  up 
load,  while  in  Test  No.  6  the  shore  was  steel  tubing  shimmed  tightly  to  the 
bottom  of  the  slab.  The  failure  loads  were  10.8  psi  in  Test  No,  6  and 
11.4  psi  in  Test  No.  7  — not  significantly  different. 

In  Tests  Nos.  11  and  12,  identical  assemblies  were  shored  at  midspan 
with  shores  of  different  materials.  Test  No.  11  was  shored  with  steel 
tubing,  while  Test  No.  12  used  conventional  wood  shores;  both  types  of 
shores  were  shimmed  tightly  to  the  bottom  of  the  test  slabs.  Obviously 
the  wood  shores  would  permit  some  deflection  from  the  crushing  of  the  tim¬ 
ber,  while  the  steel  shores  would  permit  little,  if  any,  deflection.  The 
failure  loads  were  21.0  psi  in  Test  No.  11  and  20,4  psi  in  Test  No.  12  — 
again,  virtually  no  significant  difference. 

Accordingly  it  may  be  concluded  that,  with  respect  to  prestressed 
concrete,  the  degree  of  tightness  of  the  shore  *  the  slabs,  and  the 
material  the  shore  is  made  of,  are  not  sior  'fi  ..  factors  in  the  per¬ 
formance  of  the  upgraded  system. 

Varying  Shore  Locations 

In  the  second  case  the  tests  referred  to  for  comparison  purposes  are 
Tests  Nos.  8,  9,  13,  14,  and  15,  Tests  Nos.  8  and  9  were  8-inch  slabs  — 

No.  8  shored  at  the  one-third  span  locations  and  No.  9  also  with  two  shores. 
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but  with  the  shores  located  at  the  outside  one-quarter  points,  thus  creating 
a  longer  center  span.  The  failure  loads  of  Tests  Nos.  8  and  9  were  20.4  psi 
and  21.1  psi,  respectively  —  not  significantly  different.  Tests  Nos.  13, 

14,  and  15  were  10-inch  slabs,  with  No.  13  shored  at  the  one-third  points 
and  Nos.  14  and  15  shored  at  ttie  outside  one-quarter  points  with  two  shores. 
The  failure  loads  were  27.8  psi  for  Test  No.  14  and  25.6  psi  for  Test  No.  15, 
both  slightly  lower  than  Test  No.  13  at  33.4  psi. 

It  was  observed  that  the  one-third  span  failures  (Tests  Nos.  4,  8, 
and  13)  consistently  occurred  in  the  end  spans,  while  the  center  span 
indicated  little  or  no  distress.  The  end  span  failures  appeared  to  be 
primarily  the  result  of  shear  and  were  directly  related  to  the  loss  of 
bond  in  the  prestressing  tendons.  It  should  be  noted  that  the  tendons  do 
not  become  fully  developed  for  approximately  24  to  30  inches  from  the  end, 
and  thus  do  not  transmit  significant  compression  to  the  concrete  in  the 
high  shear  zones.  It  was  believed  that,  by  moving  the  shores  closer  to 
the  slab  ends  (thus  decreasing  the  end  span  and  therefore  the  shear  —  and 
moment  —  in  these  spans)  and  increasing  the  center  span  (and  accordingly 
the  moment  and  shear  in  this  span),  the  failures  of  each  span  would  approx¬ 
imate  each  other  and  thereby  increase  the  upgrading  capability  of  the  sys¬ 
tem.  Although  this  may  be  theoretically  true  at  some  division  of  span 
between  one-quarter  point  and  one-third  point,  the  test  results  do  not 
indicate  a  significant  difference.  This  could  be  quite  important  since  it 
suggests  that  extreme  accuracy  in  the  placement  of  the  shores  is  not  re¬ 
quired  for  upgrading  procedures  to  be  effective. 

The  failure  modes  and  the  predictability  of  these  modes  are  discussed 
in  detail  in  Appendix  B  of  this  report.  The  results  of  all  of  the  tests 
reported  in  this  section,  as  listed  in  Table  3-1,  were  consistent  with  the 
prediction  methodology  previously  used  and  with  the  values  listed  in  the 
Preliminary  Survival  Matrix  for  Floors,  Table  7-1  of  this  report. 


Section  4 
WOOD  FLOOR  TESTS 


INTRODUCTION 

This  is  the  third  series  of  wood  floor  tests  reported  in  this  pro¬ 
gram.  The  first  series  consisted  of  eleven  tests  directed  toward  the 
development  of  base  data  on  typical  floor  systems  found  in  residential 
and  commercial  structures,  the  upgrading  of  these  floor  systems  by  various 
methods,  and  the  correlation  of  the  tests  and  results  with  work  performed 
by  others.  This  first  series  was  also  instrumental  in  providing  data  to 
assist  in  development  of  a  failure  prediction  theory  for  timber  structures 
(Ref.  3  ). 

The  second  series  consisted  of  two  full-scale  tests  devoted  to  devel¬ 
oping  drop  test  procedures  for  simulating  dynamic  failures  (Ref.  4  ). 

The  series  investigated  this  year  was  primarily  concerned  with  the 
development  of  base  case  and  upgrading  data  for  the  "medium"  wood  joist 
category;  i.e.,  the  floors  designed  for  125  psf  live  load.  This  loading 
is  typical  of  floors  used  for  light  storage,  a  common  construction  type 
not  previously  tested. 

TEST  PROGRAM 

The  program  consisted  of  load  tests  to  failure  of  three  identical 
test  assemblies.  The  assemblies  were  similar  to  those  tested  and  renorted 
previously  (Refs.  3  and  4),  except  that  deeper  joists  (2xl2's  instead  o* 
2x10' s)  were  used.  These  deeper  joists  were  required  because  of  the  in¬ 
creased  design  live  loading.  The  framing  and  construction  detaiU 
shown  in  Figures  4-1,  4-2,  and  4-3. 
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Construction  Details  for  All  Floor  Assemblies. 


Flooring  Details  for  All  Floor  Assemblies. 


In  order  to  be  consistent  with  the  previously  conducted  test  programs 
and  the  "Summary  of  Test  Data"  presented  In  Table  4-1,  Ref.  4,  these  three 
tests  are  designated  as  Group  7,  assemblies  14,  15,  and  16.  (This  table  Is 
included  at  the  end  of  this  section  as  Table  4-1.) 

The  first  assembly  tested  In  the  current  program.  No.  14,  was  the 
base  case,  and  the  test  was  conducted  without  any  shoring  or  upgrading 
modifications.  The  second  test  assembly.  No.  15,  was  upgraded  by  shoring 
at  midspan.  The  third  test  assembly.  No.  16  in  Group  7,  was  upgraded  by 
locating  shores  at  one  third  the  span. 

The  remainder  of  this  section  reports  the  test  method,  loading  arrange¬ 
ment,  and  test  results  for  each  of  the  assemblies. 
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Assembly  No.  14  (Base  Case) 

This  test  was  conducted  with  the  assembly  simply  supported.  The  load 
was  applied  at  six  locations  by  hydraulic  rams  In  the  configuration  shown 
in  Figure  4-4.  The  vertical  deflection  was  measured  and  recorded  at  mid¬ 
span  and  over  each  end  support.  The  moisture  content  of  the  joists  was 
measured  at  11.9%.  The  load  was  applied  at  a  slow  rate  in  500  Ib/ram 
increments,  and  the  deflection  recorded  at  each  increment. 

The  assembly  failed  with  the  two  outside  rams  applying  loads  of 
6,000  lb  each  and  the  center  ram  applying  a  load  of  6, 500  lb.  The  calcu¬ 
lated  uniform  load  at  failure  was  368  psf  (2.6  psi).  The  relative  midspan 
deflection,  as  measured  immediately  prior  to  failure,  was  2.78  inches. 

The  uniform  load  vs  midspan  deflection  curve  is  shown  in  Figure  4-5. 

The  failure  occurred  when  one  of  the  outside  joists  split  longitudinally 
approximately  three-quarters  of  its  length.  Inspection  of  the  failed 
joist  after  test  indicated  that  the  joist  had  failed  first  in  bearing  at 
the  sill,  and  that  the  crack  had  progressed  diagonally  from  the  bearing 
failure  toward  the  center  of  the  assembly.  This  mode  of  failure  was  con¬ 
firmed  by  personnel  observing  the  assembly  at  the  time  of  failure. 

The  remainder  of  the  joists  were  examined  with  respect  to  their 
degree  of  bearing  on  the  sill,  and  in  all  cases  it  was  found  that  a  small 
amount  of  clearance  was  present  between  the  bottom  of  the  joists  and  the 
sills.  These  clearances  were  not  more  than  1/8  inch,  but  were  large 
enough  to  prevent  the  joists  from  fully  transmitting  the  bearing  loads  to 
the  sills. 

Figure  4-6  shows  two  views  of  the  assembly  after  test.  Figure  2-7 
shows  the  sill  where  the  crack  initiated  and  the  bearing  failure  occurred. 
Figure  4-8  shows  the  failed  joist  in  the  direction  of  crack  propagation. 
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Fig.  4-5.  Uniform  Load  vs  Deflection,  Assembly  No.  14. 
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Assembly  No.  15  (Shored  at  Midspan) 

The  assembly  in  this  test  was  simply  supported  at  its  ends  and 
shored  at  midspan.  The  shore  was  constructed  as  shown  in  Figure  4-9  and 
shimmed  tightly  against  the  bottom  of  the  joists.  The  load  was  applied 
at  four  locations  by  hydraulic  rams  in  the  configuration  shown  in  Fig¬ 
ure  4-10.  The  vertical  deflections  were  measured  and  recorded  at  the 
center  of  the  spans  on  either  side  of  the  shore,  over  the  shore  at  mid¬ 
span,  and  over  each  end  support.  The  moisture  content  of  the  joists  was 
measured  at  12.3%. 

The  load  was  applied  at  a  slow  rate  in  1,000  Ib/ram  increments  and 
the  deflections  recorded  at  each  increment. 

The  assembly  failed  with  each  ram  applying  a  load  of  31,000  lb.  The 
calculated  uniform  load  at  failure  was  1,320  psf  (9.2  psi).  The  relative 
deflections,  as  measured  itimediately  prior  to  the  failure,  were  1.38  inches 
at  the  center  of  the  left  span  and  0.78  inches  at  the  center  of  the  right 
span.  The  uniform  load  vs  deflection  curve  for  each  span  is  shown  in  Fig¬ 
ure  4-11. 

The  failure  occurred  as  a  result  of  the  crushing  of  the  4x4  horizontal 
shore  member  at  the  locations  of  the  vertical  4x4  supports.  This  bearing 
failure  caused  subsequent  rotation  of  the  shore,  thus  rendering  it  ineffec¬ 
tive  for  support,  and  resulted  in  an  immediate  flexural  failure  at  midspan 
of  one  of  the  joists  in  the  test  assembly. 

Figure  4-12  shows  a  top  view  of  the  assembly  prior  to  test.  Figure  4-13 
shows  the  shore  in  place  prior  to  test.  Figure  4-14  shows  the  top  portion 
of  the  shore  after  test  and  depicts  the  bearing  failure  of  the  horizontal 
member.  Figure  4-15  shows  the  flexural  failure  of  the  joist  at  midspan. 
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Fig.  4-9.  Shore  Used  at  Midspan,  Assembly  No.  15, 
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Fig.  4- 


.  Uniform  Load  vs  Deflections,  Assembly  No.  15. 
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Assembly  No.  16  (Shored  at  One-Third  Span) 

The  assembly  in  this  test  was  again  simply  supported  at  its  ends. 

The  shores  were  located  at  the  one-third  points  of  the  span.  Both  shores 
were  constructed  as  shown  in  Figure  4-16  and  were  shimmed  tightly  against 
the  bottom  of  the  joists.  [Note:  The  shore  detail  differs  from  the  single 
shore  test  (No.  15)  in  that  metal  post  caps  were  used.]  The  load  was 
applied  at  six  locations  by  hydraulic  rams  in  the  configuration  shown  in 
Figure  4-17.  The  vertical  deflections  were  measured  and  recorded  at  the 
center  of  each  of  the  three  spans,  over  both  shores,  and  over  each  end 
support.  The  moisture  content  of  the  joists  was  measured  at  10.0%. 

The  load  was  applied  at  a  slow  rate  in  1,000  Ib/ram  increments  and 
the  deflections  recorded  at  each  increment. 

The  assembly  failed  with  each  ram  applying  a  load  of  32,000  lb.  The 
calculated  uniform  load  at  failure  was  2,005  psf  (13.9  psi).  The  relative 
deflections,  as  measured  immediately  prior  to  the  failure,  were  0.59  inches 
at  the  center  of  the  left  span  and  0.05  inches  at  the  center  of  the  right 
span.  The  uniform  load  vs  deflection  curve  for  this  test  is  shown  in  Fig¬ 
ure  4-18. 

The  failure  occurred  initially  in  shear  near  one  end  of  an  outside 
joist.  This  failure  evidenced  itself  by  a  longitudinal  crack,  apparently 
starting  at  the  end  of  the  joist  approximately  4  inches  from  the  bottom, 
and  progressing  toward  the  first  shore. 

Figure  4-19  shows  a  top  view  of  the  assembly  prior  to  test.  Figure  4-20 
shows  one  of  the  shores  in  place  prior  to  test.  Figure  4-21  shows  the 
shores  after  test.  Figure  4-22  shows  the  flexure  failure  in  the  erd  of 
the  joist. 
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Fig.  4-16.  Shores  Used  at  One-Third  Span,  Assembly  No.  16. 


Fig.  4-18.  Uniform  Load  vs  Deflection,  Assembly  No.  16. 
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SUMMARY  OF  TEST  DATA 


The  failure  overpressures  for  the  three  tests  herein  reported  were: 

Assembly  No.  14  (bare  case)  2.56  psi 

Assembly  No.  15  (shored  at  midspan)  9.17  psi 

Assembly  No.  16  (shored  at  one- third  span)  13.92  psi 

These  values  have  been  added  to  Table  4-1,  which  Is  a  summary  of  all 

wood  floor  test  data.  The  data  developed  In  the  current  series  (1980) 
are  underlined. 
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TABLE  4-1:  WOOD  FLOORS  —  SUMMARY  OF  TEST  DATA 


Group 

Specimen 

Number 

Design 

Service 

Load 

(PSF) 

Hardening 

Technique 

"peak 

Lksfi^ 

Veak 

(seconds) 

(psi) 

p 

(psi) 

1 

1 

50 

Base  case 

0.166 

0.8 

3,973 

1.15 

4 

50 

Base  case 

0.224 

1.28 

5,362 

1.56 

12 

50 

Base  case 

0.189 

— 

4,525 

1.31 

13 

50 

Base  case 

0.225 

— 

5,386 

1.56 

2 

3 

50 

2x6  glued 
to  bottom 

0.310 

2.9 

4,210 

2.15 

6 

50 

of  joists 

0.472 

3.0 

6,410 

3.28 

3 

5 

50 

2  layers 
of  plywood 

0.479 

20.0 

— 

3.33 

9 

50 

on  bottom 

0.456 

8.5 

— 

3.17 

4 

10 

50 

Shores 

(single) 

1.13 

4.5 

— 

7.85 

5 

2 

50 

Shores 

(double) 

1.47 

2.25 

— 

10.21 

6 

7 

50 

King-Post 

0.411 

6.0 

— 

2.85 

8 

50 

King-Post 

0.636 

26.0 

— 

4.42 

11 

50 

King-Post 

0.527 

8.5 

— 

3.66 

7 

14 

125 

Base  case 

0.368 

— 

5,727 

2.56 

15 

125 

Shores 

(single) 

1.320 

— 

— 

9.17 

16 

125 

Shores 

(double] 

2.005 

— 

— 

13.92 
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Section  5 

CONCRETE  SLAB  PUNCHING  SHEAR  TESTS 

INTRODUCTION 

One  of  the  most  practical  methods  for  upgrading  existing  structures 
is  by  the  use  of  shores  or  posts.  There  is,  however,  very  little  data  on 
the  punching  shear  capability  of  the  slab  above,  when  that  slab  is  rein¬ 
forced  concrete,  or  the  concrete  slab  on  grade  below,  when  these  types  of 
shores  are  used.  In  order  to  obtain  preliminary  data  in  this  area,  a 
limited  test  series  was  conducted  during  this  program. 

The  test  specimens  were  manufactured  with  varying  reinforcing  steel 
patterns  in  order  to  simulate  the  types  of  slabs  that  would  be  shored  as 
well  as  slabs  on  grade.  Two  different  types  of  shores  (timber  and  steel) 
were  used  in  the  investigation.  The  typical  blast  load  condition  of  a 
shore-supported  roof  slab  and  slab  on  grade  is  shown  in  Figure  5-1. 

These  tests  were  conducted  in  order  to  evaluate  the  following  strength 
properties  and  conditions: 

A:  Location  of  reinforcing  steel  — 

1)  Reinforcing  steel  located  at  slab  face  adjacent  to  support  — 
representing  the  roof  slab  with  positive  moment  (bottom)  steel 
at  location  of  shore  support. 

2)  Reinforcing  steel  located  at  slab  face  away  from  the  shore 
support  —  representing  the  floor  slab  with  positive  moment 
(bottom)  steel  at  location  of  shore  support. 

B:  Variations  in  amounts  of  reinforcing  steel — 

1)  No  steel 


Load  Conditions  for  Shore-Supported  Roof  Slab  and  Slab  on  Grade 


2)  Two-way  steel 

3)  One-way  steel 
C:  Bearing  — 

1)  8-inch-by-8-inch-by-l/2-inch  steel  plate  bearing  pad 

2)  Rough  saw  cut  end  bearing  of  8x8  shore  directly  on  slab. 

DESIGN  AND  MANUFACTURE  OF  TEST  SLABS 

All  of  the  concrete  test  slabs  were  3  ft  10  inches  by  3  ft  10  inches 
by  5  -  3/4  inches.  A  total  of  16  were  cast:  two  without  reinforcing, 
four  reinforced  as  one-way  slabs,  and  ten  reinforced  as  two-way  slabs. 

The  reinforcement  layout  for  the  one-way  slabs  consisted  of  No.  4  bars 
12  inches  on  center  in  one  direction  and  16  inches  on  center  in  the  other. 
The  two-way  slabs  had  No.  4  bars  12  inches  on  center  in  both  directions. 

In  both  cases  the  reinforcing  bars  were  located  so  that  the  clear  concrete 
cover  was  Ik  inches.  Figure  5-2  shows  the  reinforcement  layout  for  both 
types  of  slabs. 

The  reinforcing  steel  in  all  of  the  slabs  was  No.  4,  GRADE  60, 

ASTM  A  615.  The  concrete  strength  was  determined  by  manufacturing  six 
6-inch-by-12-inch  compression  test  cylinders  from  a  representative  sampling 
of  the  pour  and  testing  them  to  failure  in  compression  after  28  days.  The 
results  of  the  28-day  tests  ranged  from  3,383  psi  to  3,887  psi  and  averaged 
3,650  psi. 

Figure  5-3  shows  the  one-way  and  two-way  slab  forms  with  the  steel  in 
place  prior  to  casting. 


5-3 


Fig.  5-2.  Test  Slabs,  Reinforcing  Steel  Layout. 


TEST  PROGRAM 


The  testing  program  consisted  of  16  tests.  Eight  slabs  —  five  one-way, 
two  two-way,  and  one  unreinforced  — were  tested  by  applying  load  to  an 
8-inch-by-8-inch  timber  centered  on  the  slabs.  The  other  eight  slabs, 
identical  to  those  above,  were  loaded  by  applying  load  to  an  8-inch-by- 
8-inch  steel  plate  centered  on  the  slab.  In  all  16  tests,  the  slab  was 
supported  below  by  a  timber  frame  with  inside  dimensions  of  24  inches  by 
24  inches.  (The  2-foot  dimension  of  the  frame  was  selected  in  order  to 
closely  approximate  the  distance  between  inflection  points  to  either  side 
of  a  shore  spaced  5  feet  on  center. 

The  load  was  always  applied  from  the  top.  In  order  to  simulate  slabs 
with  top  steel,  the  test  slabs  were  turned  upside  down  so  that  the  rein¬ 
forcing  steel  was  near  the  top  surface  of  the  slab. 

Figure  5-4  shows  a  sketch  of  the  typical  test  setup  with  the  load 
and  support  conditions.  Figure  5-5  shows  a  typical  test  setup  with  the 
timber  post  loading,  and  Figure  5-6,  a  typical  test  setup  with  the  steel 
plate  loading. 


TEST  RESULTS 

A  list  of  all  the  test  results  is  presented  in  Table  5-1.  Figures  5-7 
through  5-11  show  a  representative  sampling  of  the  slabs  after  test. 
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TABLE  5-1:  PUNCHING  SHEAR  TESTS 


Test  No. 

Load  Type 

Slab  Description 

Failure  Load 
(lb) 

1 

8"  X  8" 

timber 

Un reinforced 

24,000 

2 

II 

One-way  slab 
bottom  steel 

40,400 

3 

II 

One-way  slab 
top  steel 

35,200 

4 

II 

Two-way  slab 
bottom  steel 

60,400 

5 

II 

Two-way  slab 
top  steel 

32 ,800 

6 

8"  X  8" 

steel  plate 

Unreinforced 

22,000 

7 

II 

One-way  slab 
bottom  steel 

50,200 

8 

II 

One-way  slab 
top  steel 

41,450 

9 

II 

Two-way  slab 
bottom  steel 

78,520 

10 

tl 

Two-way  slab 
top  steel 

43,200 

11 

8"  X  8" 

timber 

Two-way  slab 
bottom  steel 

78,500 

12 

11 

Two-way  slab 
bottom  steel 

72,400 

13 

II 

Two-way  slab 
bottom  steel 

78,000 

14 

8"  X  8" 

steel  plate 

Two-way  slab 
bottom  steel 

85 ,900 

15 

11 

Two-way  slab 
bottom  steel 

75,100 

16 

II 

Two-way  slab 
bottom  steel 

88,880 
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Fig.  5-4.  Typical  Test  Setup  With  Load  and  Support  Conditions 
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Test  No.  9 


Test  No.  10 

Fig.  5-11.  Posttest  Photographs,  Tests 
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PREDICTION  ANALYSIS 


Slab  Without  Reinforcing  and  Slab  With  Top  Reinforcing  (Roof  Slab  Condition) 


Strength  prediction  model:  A  low  bound  estimate  of  failure  load.PJj  , 
may  be  obtained  by  assuming  that  the  slab  spans  as  a  simple  beam  over  the 
2-foot  clear  span  of  the  4-1nch-by-4-inch  support  frame;  then  failure 
occurs  when  this  simple  beam  moment,  P|j(l  fO/2,  ,  creates  tensile  failure 
stress  _ 

»  500Pt>i 

in  the  gross  section  of  the  3-ft-10-inch-by-5. 75-inch  slab  cross-section. 

MOPULUS  €.  =  in^ 

Mu  «•  (Pu  / 2.  HOClz:)  =  £>  -ffc -  C2S3>C5£70) 

Fu  -21  WPS 

This  simple  beam  assumption  is  considered  here  as  reasonably  applicable 
if  it  is  recognized  that  the  slab  is  not  really  uniformly  supported  by  the 
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wooden  support  frame.  It  raises  at  its  corners  so  as  to  rest  on  an  equiv¬ 
alent  two-support  set  of  high  spots  on  the  uneven  wood  frame. 

Another  alternative  method  of  modeling  this  slab  and  its  support  con¬ 
dition  can  be  based  on  analysis  of  the  slab  by  a  simple  yield-line  procedure. 
The  simple  45  degree  diagonal  yield  line  pattern  actually  results  in  an 
identical  numerical  solution. 

This  strength  prediction  was  also  employed  for  slabs  with  top  rein¬ 
forcing,  since  it  was  felt  that  tensile  concrete  failure  would  be  the 
controlling  mode.  However,  as  can  be  seen  in  the  summary  table  at  the 
end  of  this  section  (Table  5-2),  that  is  a  lower  bound  prediction  for  this 
type  of  slab.  Evidently,  a  type  of  dowel  action  and/or  membrane  effect 
is  provided  by  the  top  reinforcing.  This  is  an  area  that  requires  further 
investigation. 


Predicted  load,Pu,  is  based  on  Vu  on  perimeter  d/2  from  shore 
face,  where, 

vu  =  =  2.50 


Pu  -  4'C12)(4)C0.Z50>)  “  46  tsiPfe 


Shore  Bearing  Effect  on  Strength 


FAILURE  LOAD  IN  KIPS 


Test 

No. 

Description 

Steel  Plate 

Timber  Post 

Steel  Plate 
Timber  Post 

1.  6 

No  reinforcing  steel 

22.0 

24.0 

0.92 

2,  7 

One-way  bottom 

50.2 

40.4 

1.25 

3,  8 

One-way  top 

41.4 

35.2 

1.18 

4,  9 

Two-way  bottom 

78.5 

60.4 

1.30 

5,10 

Two-way  top 

43.2 

32.8 

1.32 

11,14 

Two-way  bottom 

85.9 

78.5 

1.10 

12,15 

Two-way  bottom 

75.1 

72.4 

1.04 

13,16 

Two-way  bottom 

88.9 

78.0 

1.14 

Average 

83.2 

76.5 

1.10 

In  all  but  the  non- reinforced  slab,  there  is  a  significant  10%  to  30% 
extra  strength  when  the  steel  bearing  pad  is  used.  One  reason  for  the 
lower  capacity  of  the  wood  bearing  (without  plate)  might  be  that  slight 
•'out-of-flat",  or  non-uniform,  bearing  of  the  wood  causes  a  more  concen¬ 
trated  punching  effect  —  somewhat  like  that  of  a  beveled  end  of  a  chisel. 

SUMMARY 

A  summary  of  the  slab  strength  predictions  and  the  test  results  is 
presented  in  Table  5-2. 

The  use  of  the  American  Concrete  Institute  (ACI  318-77)  equation  for 
punching  shear: 

Vy  =  Afy'c, 


does  not  permit  consideration  of  the  following  important  factors  related 
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TABLE  5-2:  SUMMARY  OF  SLAB  STRENGTH  PREDICTIONS  AND  TEST  RESULTS 


Test  No. 

Description 

Test 

(kips) 

Prediction 

(kips) 

1 

Unreinforced 

24 

21.0 

6 

n 

22 

21.0 

3 

One-way  top  steel 

35.2 

21.0 

8 

II 

41.4 

21.0 

5 

Two-way  top  steel 

32.8 

21.0 

10 

II 

43.2 

21.0 

2 

One-way  bottom  steel 

40.4 

48.0 

7 

11 

50.2 

48.0 

4 

Two-way  bottom  steel 

60.4 

48.0 

9 

II 

78.5 

48.0 

11 

II 

78.5 

48.0 

12 

II 

72.4 

48.0 

13 

II 

78.0 

48.0 

14 

II 

85.9 

48.0 

15 

II 

75.1 

48.0 

16 


88.9 


48.0 


to  actual  punching  shear  capacity  of  slabs: 


a)  Intensity  of  bending  moment,  or  M/V  ratio. 

b)  Presence  of  arching  action  between  load  and  slab  supports. 

c)  Steel  ratio. 

A  simple  relation  including  all  of  the  factors  is  definitely  required  in 
order  to  better  predict  the  corresponding  extra  strengths  or  weaknesses. 
One  such  relation  being  developed  is 

Vu  on  perimeter  d/2,  out  from  face  of  shore  is 
Vu  *  IGO  \f'c.  ^  ^ 


where  c  *  support  span 
r  >=  shore  size 
h  **  slab  thi ckness . 

This  relation  applied  for  long  shear-span  (large  M/V)  ratios  of 
i  0.4 

c-r 

For  short  spans  where  arching  effects  can  occur  between  the  shore  and  the 
slab  support,  then  use 

to  reflect  the  extra  strength  effect. 

It  should  be  mentioned  that  previous  researchers  have  developed  similar 
types  of  slab  equations;  however,  these  are  quite  complex  and  do  not  have 
the  accuracy  that  would  be  merited  by  the  complexity  of  the  relation. 
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Further  work  is  required  to  assess  the  effects  of  soil  modulus  and 
strength  on  the  punching  capacity  of  shores  bearing  on  foundation  slabs. 
Since  punching  load  produces  a  failure  cone  with  bearing  on  the  soil 
of  about  50  ksf,  it  is  not  likely  that  soil  strength  could  provide  any 
significant  support  (soil  capacities  are  5  to  10  ksf).  Therefore,  the 
most  important  factor  would  be  the  soil  modulus.  It  is  proposed  that 
several  finite  element  slab  analyses  be  performed  for  differing  soil  mod¬ 
uli  and  slab  boundary  conditions.  The  primary  effect  would  be  the  varia¬ 
tion  in  bending  moment  in  the  slab,  where  a  low  modulus  would  create  the 
larger  moment  effects.  Then  with  the  appropriate  punching  shear  equation 
this  moment  effect  can  be  entered  into  the  strength  prediction. 


Section  6 

SUMMARY  OF  PHASE  III 


This  report  presents  a  summary  of  the  technical  work  performed  during 
Phase  III  of  a  program  to  develop  upgrading  techniques  for  existing  struc¬ 
tures.  This  investigation  has  included  the  development  of  failure  pre¬ 
diction  methodologies  for  the  most  common  construction  types,  in  both 
"as  built"  and  upgraded  configurations.  The  prediction  methodologies  are 
founded  on  engineering  mechanics,  limit  theory,  and  statistical  approaches 
to  failure  analysis  that  enable  realistic  assessment  to  be  made  of  fail¬ 
ure  probabilities  based  on  the  combined  effects  of  statistical  variation 
in  materials,  structural  elements,  and  construction  practices.  These 
analysis  and  prediction  techniques  have  been  applied  to  wood,  steel,  and 
concrete  roof  and  floor  systems;  both  ful 1- and  small-scale  verification 
tests,  to  failure,  have  been  performed  statically,  dynamically,  and  in 
combination. 

To  date.  Scientific  Service,  Inc.,  has  conducted  full-scale  loading 
tests  to  failure  on  16  wood  joist  floors,  3  one-way  reinforced  concrete 
floors,  15  prestressed  concrete  hollow-core  slabs,  and  3  open-web  steel 
joist  floors  with  metal  decking  and  structural  concrete  topping.  Each 
type  of  construction  tested  included  a  minimum  of  one  base  case  test;  that 
is,  "as  built"  without  any  upgrading.  The  additional  tests  in  each  group 
incorporated  various  upgrading  schemes  appropriate  to  the  construction 
type. 


These  full-scale  tests  have  been  complemented  by  a  variety  of  small- 
scale  tests  that  investigated  punching  shear  of  concrete  floors  and  the 
contribution  of  the  metal  decking  and  structural  concrete  topping  on  open 
web  steel  joist  floors. 
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The  results  of  the  analytical  and  experimental  program  have  been  used 
to  develop  a  preliminary  survival  matrix  for  floors,  which  is  presented  in 
Table  7-1.  This  matrix  indicates  the  overpressure,  in  psi,  at  which  95% 
of  the  floor  systems  are  better  than  the  rating  provided;  i.e.,  it  has 
been  assumed  that  a  5%  probability  of  collapse  is  an  acceptable  risk  level. 
The  test  values  obtained  from  the  experimental  program  are  indicated  on 
the  matrix.  Also  included  is  a  preliminary  survival  matrix  for  roofs 
(Table  7-2).  The  roof  matrix  does  not  contain  any  test  values. 

The  survival  pressures  indicated  for  the  various  types  of  construc¬ 
tion  were  determined  by  assuming  the  dead  loads  (load  of  structure  itself) 
and  increasing  the  design  live  loads  by  the  safety  factors  required  for 
the  design,  as  outlined  in  the  applicable  codes,  for  the  particular  con¬ 
struction  considered. 

Although  the  overpressure  values  indicated  do  not  consider  any  super¬ 
imposed  live  loads,  it  is  assumed  that  some  radiation  protection  would  be 
required.  Accordingly,  the  survival  overpressures  included  the  fallout 
radiation  protection  necessary  to  achieve  a  protection  factor  (P^)  of  100; 
i.e.,  18  inches  of  earth  (assumed  density  =  100  pcf)  or  other  materials  of 
comparable  density.  The  weight  of  this  radiation  protection  has  been  de¬ 
ducted  from  the  survival  overpressure  when  the  floor  or  roof  is  in  both 
the  shored  and  the  "as  built"  configurations.  The  test  values  {italics) 
have  also  been  reduced  for  comparison  purposes  to  include  this  radiation 
protection. 

The  basic  construction  type  groups  in  Table  7-1  for  floors  are  further 
divided  into  categories  of  light,  medium,  and  heavy.  These  categories  are 
based  on  the  allowable  live  loads  for  types  of  occupancy,  as  specified  in 
the  building  codes,  and  are  defined  as  follows: 

Light  40  to  60  psf 

Medium  80  to  125  psf 

Heavy  150  to  250  psf 
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The  midspan,  one-third  span,  and  one-quarter  span  shoring  may  be  lines 
of  shoring,  such  as  posts  and  beams  or  stud  walls,  placed  transverse  to 
one-way  structural  systems  (open-web  josts,  double  tees,  etc.),  or  it  may 
be  post  shores,  located  symmetrically  under  two-way  structural  systems  (flat 
slabs,  waffle  slab,  etc.).  The  king  post  truss  shoring  consists  basically 
of  cables  or  rods  secured  parallel  to  joists  or  beams  and  tensioned  to  form 
a  king  post  truss  configuration.  The  flange  system  consists  of  attaching 
bottom  flanges  to  wood  joists,  while  the  boxed  beam  system  involves  "boxing" 
the  entire  ceiling  system  (wood  joists)  by  attaching  a  plywood  diaphragm, 
secured  to  the  joists,  under  the  entire  ceiling. 

The  results  of  this  Phase  III  effort  have  confirmed  some  of  the  sur¬ 
vival  estimates  in  Table  7-1  (which  was  first  published  in  1978)  and  have 
caused  some  modification  to  others.  For  example,  the  original  estimates 
for  concrete  floors  seem  to  be  very  close.  The  estimates  for  wood,  how¬ 
ever,  will  be  reduced  in  the  future.  The  reason  for  this  is  twofold: 

First,  test  data  indicate  that,  as  the  heavier  floor  systems  are  shored, 
the  mode  of  failure  changes  from  flexure  to  much  lower  bearing  failures. 
Second,  as  more  and  more  published  and  unpublished  data  from  graded  sawn 
lumber  are  analyzed,  it  appears  that  the  traditionally  used  dynamic  in¬ 
crease  of  100%  for  allowable  stresses  in  timber  will  be  more  like  60% 
and  the  commonly  used  increase  of  25%  for  seasoning  should  not  be  used  at 
all.  The  changes  in  prediction  for  timber  structures  will  be  made  when 
enough  test  data  from  the  industry  become  available.  The  estimates  for 
open-web  joist  floors,  on  the  other  hand,  have  been  increased  because  of 
favorable  test  results  and  a  revised  prediction  procedure  that  takes  into 
account  the  contribution  of  the  steel  decking  and  concrete  topping. 
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Section  7 
PROGRAM  SUMMARY 


This  section  presents  a  compilation  of  significant  portions  of  the 
technical  work  performed  by  Scientific  Service,  Inc.,  with  respect  to  the 
program  to  develop  upgrading  techniques  for  existing  structures.  The  data 
presented  are  a  result  of  prediction  methodologies  founded  on  engineering 
mechanics,  limit  theory,  and  statistical  approaches,  and  in  many  cases, 
verified  by  both  small-  and  full-scale  tests  to  failure.  This  summary 
includes  charts  and  data  from  a  number  of  SSI  reports  and  manuals,  which 
were  developed  as  part  of  this  program,  as  it  was  determined  that  this  in¬ 
formation  should  be  compiled  and  presented  in  one  location  in  order  to 
increase  its  availability  and  usefulness. 

Tables  7-1  and  7-2  are  preliminary  survival  matrices  for  floors  and 
roofs,  respectively.  (Table  7-1  was  initially  published  in  the  Phase  II 
report.  Ref.  4, and  updated  in  this  Phase  III  report.)  The  data  were  devel¬ 
oped  as  a  result  of  the  work  and  analysis  presented  in  both  these  reports 
as  well  as  in  SSI  Report  No.  7719-4  (Ref.  3).  These  matrices  indicate 
the  overpressure  in  psi  at  which  95%  of  the  floor  of  roof  systems  are 
predicted  to  survive  "as  built"  and  with  various  types  of  shoring.  Those 
which  have  been  tested  are  also  indicated  in  the  tables. 

The  survival  pressures  indicated  for  the  various  types  of  construc¬ 
tion  were  determined  by  assuming  the  dead  loads  (load  of  structure  itself) 
and  increasing  the  design  live  loads  by  the  safety  factors  required  for 
the  design,  as  outlined  in  the  applicable  codes,  for  the  particular  con¬ 
struction  considered.  The  "as  built"  survival  overpressure  considers  the 
floor  "as  is"  with  no  superimposed  live  loads,  but  with  all  safety  factors 
removed.  However,  all  the  survival  overpressures  assume  radiation  pro¬ 
tection  equal  to  a  P^  of  100  (18  inches  of  earth  of  equivalent)  superimposed 
on  the  floor. 
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Table  7-3  is  a  survival  matrix  for  walls,  which  was  determined  by  com¬ 
bining  the  data  presented  in  SSI  Report  No.  7618-1  (Ref.  7).  The  ‘survival 
pressures  indicated  are  those  at  which  90%  of  the  walls  would  survive. 

These  values  are  based  on  both  theoretical  and  experimental  results. 

Table  7-4  on  expedient  shelters  was  derived  from  combining  the  data 
presented  in  SSI  reports  No.  8012-7  (Ref  1)  and  No.  8012-8  (Ref. 8).  The 
values  shown  in  this  table  are  estimated  by  using  the  information  supplied 
by  various  manufacturers  in  their  literature  and  a  review  of  some  prelim¬ 
inary  test  data  provided  by  them.  None  of  the  values  indicated  has  been 
verified  by  test  for  use  as  expedient  shelters. 

Table  7-5,  Punching  Shear,  is  a  reproduction  of  Table  5-1  presented 
previously  in  this  report,  and  is  included  here  in  order  to  obtain  com¬ 
pleteness  in  this  section.  This  table  indicates  values  obtained  by 
punching  through  5-3/4-inch  concrete  slabs  with  two  different  types  of 
posts  (timber  and  steel).  The  slabs  had  various  reinforcing  steel  config¬ 
urations  or  were  unreinforced. 
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TABLE  7-1:  PRELIMINARY  SURVIVAL  MATRIX  FOR  FLOORS 

Overpressure  at  Which  95%  of  Floors  Will  Survive  "As  Built"  and  With  Various  Types  of  Shoring 

(All  values  in  psi . ) 


Note:  Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100  (18  in.  of  earth  or  equivalent) 
superimposed  on  floor.  Assumed  density  of  earth  =  100  pcf. 

*  Glulam  not  tested.  t  —  Required  radiation  protection  (P^=100)  would  cause  floor  to  collapse. 


TABLE  7-1:  PRELIMINARY  SURVIVAL  MATRIX  FOR  FLOORS  (contd) 

Overpressure  at  Which  95%  of  Floors  Will  Survive  "As  Built"  and  With  Various  Types  of  Shoring 


Note:  Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100  (18  in.  of  earth  or  equivalent) 
superimposed  on  floor.  Assumed  density  of  earth  =  100  pcf. 

*  Waterways  Experiment  Station  Test 


TABLE  7-1;  PRELIMINARY  SURVIVAL  MATRIX  FOR  FLOORS (contd) 

Overpressure  at  Which  95%  of  Floors  Will  Survive  "As  Built"  and  With  Various  Types  of  Shoring 


Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100  (18  in.  of  earth  or  equivalent) 
superimposed  on  floor.  Assumed  density  of  earth  =  100  pcf. 


TABLE  7-2:  PRELIMINARY  SURVIVAL  MATRIX  FOR  ROOFS 

Overpressure  at  Which  95%  of  Roofs  Will  Survive 
"As  Built"  and  With  Various  Types  of  Shoring.  All  values  in  psi . 


Type  of  Roof  Construction 
and  Dead  Load 

Shoring  Required 

As  Built 

Mi dspan 

1/3  Span 

1/4  Span 

WOOD  D.L.  =  15  psf 

Joist,  Glulam 

t 

0.6 

2.7 

- 

STEEL.  LIGHT  D.L.  =  25  psf 

Open-Web  Joist, 

Plywood  Deck 

t 

+ 

0.2 

— 

STEEL,  HEAVY  D.L.  =  60  psf 

Open-Web  Joist, 

Metal  Deck 

t 

t 

0.8 

CONCRETE  D.L.  =  80  psf 

Single  &  Double  Tees, 
One-Way  Joists 

0.0 

2.2 

6.0 

— 

Hollow-Core  Slabs 

0.0 

2.3 

6.1 

— 

One-Way  Slabs 

0.2 

2.5 

6.4 

- 

Flat  Plate  &  Flat  Slabs 

0.2 

2.5 

6.4 

11.7 

Waffle  Slabs 

0.0 

2.2 

6.0 

11.4 

Note:  Overpressure  values  assume  radiation  protection  equal  to  a  Pf  of  100 
(18  in.  of  earth  or  equivalent)  superimposed  on  roof.  Assumed 
density  of  earth  =  100  pcf. 

All  values  are  predicted  values. 

t  -  Required  radiation  protection  (Pf  =  100)  would  cause  roof  to 
collapse. 
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TABLE  7-3:  SURVIVAL  PRESSURE  MATRIJC  FOR  WALLS 


Incident  Overpressures  at  which  905^  of  Walls  Will  Survive  (all  tabulated  values 
are  in  psi) 


Jj/all  Material  and  Thickness 

Brick 

Concrete 

Block 

Composite 
Concrete  Block/ 
Brick 

Support  Condition'"^ 

4-in. 

8-in. 

12-in. 

8-in. 

10-in. 

Solid  Walls 


SIMPLE  BEAM 


TABLE  7-3:  SURVIVAL  PRESSURE  MATRIX  FOR  WALLS  (contd) 

Incident  Overpressures  at  which  90%  of  Walls  Will  Survive  (all  tabulated  values 
are  in  psi) 


TABLE  7-3;  SURVIVAL  PRESSURE  MATRI)(  FOR  WALLS  (contd) 


Incident  Overpressures  at  which  90%  of  Walls  Will  Survive  (all  tabulated  values 
are  in  psi ) 


Wall  Material  and  Thickness 
''support''^ — 

Bri  ck 

Concrete 

Block 

Compos i te 
Concrete  Block/ 
Brick 

4-in. 

8-in. 

12-in. 

8-in. 

10-in. 

PLATES 

Solid  Walls 

1 

Jo 

- 

0.2 

0.7 

1.6 

0.3 

1.1 

1 

1 

m 

1 

1 

1 

0.4 

1.5 

B 

0.6 

2.3 

ARCHED  PLATE 

1 

■ 

1 

i 

1.5 

7.7 

13.3 

2.6 

3.7 

Window  Walls 

1 

«>0WBeQQ0QW^^ 

: _ 1 

ARCHED  PLATE 

BQ( 

B7 

1.8 

9.3 

17.1 

3.2 

4.5 

1  Doorway  Walls 

[h 

mt^mrrr\r7rrrrrrrM 

YJO 

1 

1.8 

9.2 

16.8 

B 

6.7 

ED  PLATE 

! 
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TABLE  7-4:  EXPEDIENT  SHELTER  SURVIVAL  MATRIX 

ALL  VALUES  IN  PS  I 
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TABLE  7-4:  EXPEDIENT  SHELTER  SURVIVAL  MATRIX 
ALL  VALUES  IN  PSI  (contd) 
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TABLE  7-4:  EXPEDIENT  SHELTER  SURVIVAL  MATRIX 
ALL  VALUES  IN  PS I  (contd) 


TABLE  7-5;  PUNCHING  SHEAR  TESTS 


Test  No.  Load  Type 


Slab  Description 


1 

8'  X  8" 

timber 

Unreinforced 

2 

li 

One-way  slab 
bottom  steel 

3 

II 

One-way  slab 
top  steel 

4 

II 

Two-way  slab 
bottom  steel 

5 

II 

Two-way  slab 
top  steel 

6 

8"  X  8" 

steel  plate 

Unreinforced 

7 

It 

One-way  slab 
bottom  steel 

8 

II 

One-way  slab 
top  steel 

9 

II 

Two-way  slab 
bottom  steel 

10 

II 

Two-way  slab 
top  steel 

11 

8"  X  8" 

timber 

Two-way  slab 
bottom  steel 

12 

II 

Two-way  slab 
bottom  steel 

13 

II 

Two-way  slab 
bottom  steel 

14 

8"  X  8" 

stt-*!  plate 

Two-way  slab 
bottom  steel 

15 

II 

Two-way  slab 
bottom  steel 

16 

II 

Two-way  slab 
bottom  steel 

Failure  Load 

_ m _ 

24,000 

40.400 

35.200 

60.400 
32 ,800 

22,000 

50.200 

41,450 

78,520 

43.200 
78,500 

72.400 
78 ,000 
85,900 
75,100 
88 ,880 
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Open-Web  Steel  Joist  Floor  Test  Failure  Prediction 


OPEN-WEB  STEEL  JOIST  FLOOR  TEST  FAILURE  PREDICTION 


In  Phase  I  of  this  program  (Ref.  1),  a  20-foot  long  18H8  open-web 
joist  was  analyzed  to  determine  upgrading  techniques  fo'^  this  type  of 
structure.  This  preliminary  analysis  indicated  that  shoring  was  the 
best  means,  but  the  analysis  also  indicated  that,  if  a  rigid  shore  were 
used,  the  lower  chord  of  the  open-web  joist  would  go  into  compression 
and  fail  prematurely  because  of  buckling.  Thus,  the  concept  of  stress 
control  was  utilized,  where  an  intentional  gap  was  left  on  top  of  the 
shore  to  ensure  that  the  lower  chord  would  remain  in  tension  until 
ultimate  failure  occurred. 

On  the  basis  of  the  preliminary  analysis,  a  testing  program  was 
conducted  to  determine  experimentally  the  increased  load-carrying 
capacity  of  shored  floor  systems  vs  unshored  systems.  Three  full-scale 
tests  to  failure  on  open-web  joists  were  conducted,  and  the  results  are 
listed  in  Section  2,  Table  2-2,  The  preliminary  analysis  underestimated 
the  ultimate  failure  load  by  32%  to  53%  for  the  shored  and  unshored 
floors  tested. 

This  section  of  the  report  is  directed  toward  improving  the  failure 
prediction  by  developing  a  finite  element  model  that  can  analytically 
duplicate  the  structural  load-deflection  response  of  the  actual  test 
floors  and  can  accurately  predict  the  ultimate  failure  load  for  these 
floors.  Having  an  accurate  computer  model  will  permit  inexpensive 
analyses  to  be  performed  instead  of  tests. 
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COMPUTER  MODEL 


A  computer  model  was  used  to  develop  an  analytical  method  for 
failure  prediction.  Control  Data  Corporation's  MRI  version  of  STARDYNE 
was  the  computer  code  used  for  this  structural  analysis. 

Preliminary  analysis  conducted  prior  to  testing  (see  Refs.  1  and  2) 
modeled  only  the  open-web  joist  behavior  and  neglected  the  concrete 
topping  and  fluted  metal  deck  contribution.  Addi tonally,  the  previous 
analysis  assumed  idealized  truss  behavior,  which  did  not  account  for  any 
secondary  effects  that  were  due  to  joint  rotations  in  the  open-web  joist 
or  the  fixity  of  the  members  (effective  length,  K£).  Both  of  these 
original  simplifications  resulted  in  a  more  flexible  and  weaker  model 
than  actual  test  data  now  indicate. 

The  analytical  model  developed  in  this  phase  of  the  study  accounts 
for  both  secondary  effects  and  the  portion  of  composite  behavior  that 
was  developed  between  the  top  chord  of  the  18H8  open-web  joist  and  the 
decking. 

To  determine  the  structural  effectiveness  of  the  concrete  topping, 
the  load  vs  deflection  data  for  base  case  Test  No.  80-1  was  used  (see 
Figure  A-1).  The  analytical  model  was  then  analyzed  using  STARDYNE. 

The  concrete  thickness  was  varied  until  the  computer  model  deflection 
equaled  that  of  the  test  floor  under  the  same  applied  load. 

BASE  CASE  PREDICTION 

To  predict  the  ultimate  failure  load  for  the  simply  supported  un¬ 
shored  floor,  a  uniform  load  was  introduced  into  the  computer  model.  This 
uniform  load  was  increased  analytically  until  one  member  (web  member  (||)* 

*  Note,  the  buckling  stress  for  the  web  member(s)  is  based  on  an  effec¬ 
tive  length  of  0.79^,  which  was  analytically  and  experimentally 
verified. 
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Load  vs  Deflection,  Test  No.  80-1. 


in  this  case)  reached  its  ultimate  stress.  Web  member  was  the  first 
structural  member  to  indicate  failure  at  an  ultimate  buckling  stress  of 
30.3  kips/in.,  or  at  a  load  of  1,070  plf/joist.  Figure  A-2  shows  the 
computer  predicted  axial  stresses  in  the  web  members  at  the  predicted 
load  of  1,070  plf/joist,  which  compares  well  with  Test  No.  80-1 
(1,160  plf).  This  comparison  shows  that  the  computer  model  predicts  the 
failure  load  at  92%  of  the  actual  failure  load. 

DOUBLE  SHORED  FAILURE  PREDICTION 

The  computer  model  of  the  floor,  developed  earlier  in  this  section, 
was  used  to  predict  failure  for  the  double  shored  floor  tests. 

Shoring,  especially  by  the  method  used  in  these  tests,  complicates 
the  prediction  analysis  because  of  the  stress  control  gap  over  the 
shores.  The  actual  floor  system  deflects  like  an  unshored  floor  until 
there  is  a  load  of  about  600  plf/joist  and  the  floor  comes  in  contact 
with  the  shore  and  seats  itself.  Subsequent  increases  in  load  will 
result  in  a  change  of  slope  (stiffen)  in  the  load  deflection  curve. 

Figure  A-3  shows  this  relationship. 

Failure  prediction  was  an  iterative  process  using  the  method  of 
superposition  and  is  outlined  in  the  following  steps: 

1.  Assume  a  load. 

2.  Determine  the  deflection  of  the  actual  floor  in  Test 
No.  79-2  at  a  location  over  the  shore  using  Figure  A-3. 

3.  Determine  the  deflection  of  the  unshored  floor  under  the 
assumed  load  at  the  same  location. 

4.  Apply  an  upward  unit  load  at  the  two  shore  locations  and 
determine  the  resulting  deflection. 
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Fig.  A-2.  Computer  Model  Analysis  Results  of  18H8,  Open-Web  Steel  Joist 


2i.O 


Load  vs  Deflection,  Test  No.  79-2, 


5.  Using  superposition,  increase  the  upward  load  until  the 
sum  of  deflections  in  steps  3  and  4  equal  the  actual 
deflection  determined  in  step  2. 

6.  Compute  the  member  stresses. 

7.  Check  the  member  stresses  found  in  step  6  and  determine  if 
any  member  exceeds  ultimate  stress.  If  not,  assume  a 
larger  load,  step  1,  and  proceed  as  before. 

Failure  is  predicted  at  a  load  of  3,300  plf/joist.  Floor  Test 
No.  79-2  failed  in  one  or  both  of  the  following  modes: 

1)  The  left  shore  failed  due  to  combined  bearing  and  shear 
failure  in  the  wood  beam  supporting  the  floor. 

2)  The  top  chord  failed  in  flexure  as  a  result  of  web 
member  ^  yielding  in  tension  leading  to  a  redistribution 
of  the  load. 

The  analysis  indicates  a  tensile  stress  of  60,000  psi  in  web  member 
at  failure,  exceeding  the  yield  stress  of  50,000  psi,  but  less  than  the 
ultimate  stress  of  76,000  psi. 

In  Figure  A-4  the  predicted  axial  stress  for  each  of  the  web  members 
is  shown.  The  analysis  predicts  failure  at  3,300  plf;  in  Test  No.  79-2 
the  failure  load  was  3,920  plf;  the  prediction  is  84%  of  the  test  value. 

SINGLE  SHORED  FAILURE  PREDICTION 

The  same  method  used  to  predict  ultimate  failure  load  for  the  double 
shored  open-web  joist  floors  was  used  to  predict  failure  for  the  single 
shored  floors.  The  load  vs  deflection  data  from  Test  No.  79-3  (see 
Figure  A-5)  was  used  to  determine  the  shoring  reaction. 
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A-4.  Computer  Model  Analysis  Results  for  a  Double  Shored,  18H8  Open-Web  Steel 


PEFLECTION  (IN.) 


The  prediction  indicates  a  floor  failure  at  1,750  plf/joist. 

Analysis  predicts  web  members  and  (0)  to  be  critical.  Figure  A-6 
shows  the  predicted  axial  stresses  for  the  web  members.  Web  member 
is  at  the  calculated  ultimate  buckling  stress  and  web  member  is  at 
the  calculated  maximum  yield  stress  in  tension. 

The  prediction  of  1,750  plf  was  9%  below  the  actual  failure  load  of 
1,928  plf. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  computer  model  analysis  closely  predicted  open-web  joist  floor 
behavior  and  provided  a  reasonable  prediction  of  ultimate  load  capacity. 
This  type  of  analysis  capability  provides  a  means  of  studying  the  effects 
that  varying  stress  control  gaps  and  shoring  methods  have  on  the  ultimate 
load  carrying  capacity  of  open-web  joist  structures.  On  the  tests 
performed  to  date,  the  stress  control  gaps  were  selected  on  the  basis  of 
the  following  criteria: 

1)  Single  shore,  at  midspan;  1/16-inch  of  gap  per  5  feet  of 
span. 

2)  Double  shored,  at  one- third  points;  use  three-quarter 
the  gap  in  step  1. 

For  example,  a  20- foot  span  would  have  a  1/4-inch  gap  for  the 
single  shored  condition  and  a  3/16-inch  gap  for  the  double  shored 
floors. 

Thus  far,  only  wood  shoring  has  been  used  to  upgrade  open-web  joist 
floor  systems.  One  of  the  inherent  problems  and  virtues  with  using  wood 
has  been  bearing  failures  in  the  wood  which  cause  additional  deflection. 
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ig,  A-6.  Computer  Model  Analysis  Results  for  a  Single  Shored,  18H8  Open-Web  Steel  Joist. 
(Ultimate  Failure  Load,  w  =  1,750  plf/joist). 


It  is,  therefore,  recommended  that  total  deflection  be  limited  in 
some  future  tests  to  the  reconmended  stress  control  gap.  This  could  be 
achieved  through  the  use  of  a  more  rigid  steel  shore,  rather  than  wood. 


Table  A-1  summarizes  the  tests  and  predictions  conducted  to  date 
for  a  typical  floor  system  designed  for  an  allowable  live  load  of  125  psf 
(i.e,  a  floor  in  the  medium  load  category). 
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TABLE  A-1:  REVISED  PERFORMANCE  PREDICTIONS  COMPARED  WITH  TEST  DATA 


APPENDIX  B 


PRESTRESSED  CONCRETE 


INTRODUCTION 

This  section  of  the  report  contains  the  calculations  used  to  deter¬ 
mine  the  design  ultimate  load  capacity  of  each  of  the  precast  prestressed 
slabs  tested  and  reported  in  Section  3.  Also  included  is  a  description 
of  the  different  modes  of  failure  exhibited  by  these  test  slabs  and  how 
each  mode  can  be  predicted  in  terms  of  the  location  in  the  slab  span  and 
the  shear-to-moment  ratio. 

DESIGN  OF  TEST  SLABS 

The  slabs  were  designed  in  accordance  with  ACI  Standard  318-71 
(Ref.  1).  The  design  section  properties,  unit  weights,  concrete  strengths, 
size,  number,  and  location  of  strands,  and  design  spans  are  shown  for 
the  4-inch,  8-inch,  and  10-inch-thick  slabs  in  Figures  B-1,  B-2,  and  B-3. 
The  prestressing  strand  used  was  uncoated,  seven-wire,  stress-relieved 
strand  with  properties  as  shown  in  the  following  chart: 


Nominal 
Diameter 
of  Strand 

Nominal  Steel 
Area  of  Strand 

(sq  in.) 

Breaking 
Strength 
of  Strand 

Ultimate 

Strength 

^pu 

(psi) 

(in.) 

(min.  lb) 

1/4  (0.250) 

0.036 

9,000 

250,000 

3/8  (0.375) 

0.085 

23,000 

270,000 

The  following  calculations  indicate  the  design  methods  used  for  each 
of  the  test  slabs.  The  notation  used  is  defined  in  Table  B-1. 
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Fig  B-2.  Design  Properties  of  8-inch  Prestressed  Precast  Hollow-Core 
Plank. 
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Fig.  B-3.  Design  Properties  of  10-inch  Prestressed  Precast  Hollow-Core 
Plank. 
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TABLE  B-1:  NOTATION 


A  -  cross  sectional  area 

Ap^  area  of  prestressed  reinforce¬ 
ment 

B  =  depth  of  equivalent  rectangular 
stress  block 

shear  span 

b  »  width  of  compression  face  of 
member 

d  =  distance  from  extreme  compres¬ 
sion  fiber  to  centroid  of 
tension  reinforcement 

d' =  distance  from  bottom  fiber  to 
centroid  of  reinforcement 

e  -  eccentricity  of  design  load  or 
prestress  force  parallel  to 
axis  measured  from  the  centroid 
of  the  section 

*  stress  in  the  bottom  fiber  of 
the  cross  section 

*  specified  compressive  strength 
of  concrete 

stress  in  prestressed  reinforce¬ 
ment  at  nominal  strength 

»  ultimate  strength  of  pre¬ 
stressing  steel 

»  effective  stress  in  prestress¬ 
ing  steel  after  losses 

^  =  stress  in  top  fiber  of  the 
cross  section 

h  =  overall  depth  of  member 

X  «  moment  of  inertia 

j  *  for  resisting  lever  arm  used 
in  jd 

M  *  service  load  moment 


maximum  factored  moment  at  section 
due  to  externally  applied  loads 

Mp  -  prestressing  moment 

^44 '"Applied  factored  moment  at  a 
section 

P  =  prestress  force  after  losses 

»  ultimate  force  in  prestressing 
strands 

section  modulus  with  respect  to 
the  bottom  fiber  of  a  cross  section 

=  section  modulus  with  respect  to 
the  top  fiber  of  a  cross  section 

Up «  flexural  bond  stress 

=  transfer  bond  stress 

V  =  total  shear 

»  dead  load  shecir  (unfactored) 

Vj  »  factored  shear  force  at  section  due 
to  externally  applied  loads  occur¬ 
ring  simultaneously  with 

Vp*  vertical  component  of  the 
effective  prestress  force  at 
the  section  considered 

factored  shear  force  at  section 

Vya  factored  shear  stress 

distance  from  bottom  fiber  to 
center  of  gravity  of  the  section 

-  distance  from  top  fiber  to  cen¬ 
ter  of  gravity  of  the  section 

^*Ap^/bd  =  ratio  of  prestressed 
reinforcement 

perimeter  of  all  effective  steel 
^  •  strength  reduction  factor 
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FAILURE  MODES  OF  PRESTRESSED  CONCRETE  SLABS  ON  CONTINUOUS  SUPPORTS 


The  purpose  of  this  section  is  to  describe  the  different  modes  of  fail¬ 
ure  as  exhibited  by  load  tests  on  shore-supported  prestressed  concrete 
slabs.  It  will  be  shown  that  each  mode  can  be  predicted  in  terms  of  the 
location  on  the  slab  span  and  the  shear-to-moment  ratio.  Figure  B-4  shows 
a  typical  test  slab  with  a  given  arrangement  of  loads  and  intermediate 
shore  supports.  The  possible  failure  modes,  as  indicated  on  Figure  B-4, 
and  strength  prediction  equations  are  described  as  follows. 

©  Pure  Flexure 

This  is  failure  by  strand  yield  or  rupture  in  a  section  under  pure 
positive  bending  moment,  Mq,  with  no  shear.  The  prediction  equation  is 

Hi  0  '  ~  %) 

Negative  Moment  Flexure 

This  is  the  flexural  strength  of  the  portion  of  the  beam  section  at 
and  below  the  level  of  the  prestressing  strand. 


DEFLECTION  DIAGRAM 


It  is  a  "broken  back"  type  of  failure  and  is  predicted  by  P^d' 


However,  during  testing,  it  was  found  that  this  mode  did  not  lead  to 
a  loss  of  load-carrying  capacity  for  the  supported  slab.  The  mode  behavior 
is  of  a  stable  yield  hinge,  such  that  the  continuous  slab  span  is  trans¬ 
formed  into  a  system  of  three  simple  spans.  The  resisting  moment,  M0, 
is  a  restraining  moment  couple  for  these  simple  spans. 

(3)  Strand  Slip 

This  mode  occurs  when  the  flexural  bond  stress  ^  adds  to 

the  existing  strand  transfer  bond  stress  in  the  outer  ena  spans  of  the 
slab.  When  this  combined  bond  stress  exceeds  the  strand  bond  capacity, 
then  strand  slip,  Rq,  occurs  and  the  now  "unreinforced"  beam  section  fails 
in  tension  cracking  or  in  shear. 


The  general  function  of  bond  in  prestressed  members  is  well  explained 
in  Janney  (Ref.  2) : 

"Pre-tensioned  steel  in  prestressed  concrete  members  serves 
a  dual  function.  Part  of  the  available  tensile  strength  of  the 
steel  is  used  first  to  establish  a  compressive  prestress  in  the 
concrete.  Secondly,  if  a  member  is  loaded  beyond  cracking,  all 
or  part  of  the  steel  tensile  strength  may  be  utilized  to  assist 
the  concrete  in  resisting  the  externally  applied  bending  moment. 

A  bond  between  concrete  and  steel  must  exist  if  concrete  is 
to  be  prestressed  by  the  pre-tensioning  method  for  with  this  meth¬ 
od  the  steel  is  tensioned  before  the  concrete  is  placed  and  is 
released  after  the  concrete  has  developed  sufficient  strength. 

The  tension  in  the  steel  is  transferred  to  the  concrete  entirely 
by  bond.  The  bond  which  accomplishes  this  function  is  referred 
to  herein  as  the  "prestress  transfer  bond." 

Prestress  transfer  bond  is  present  from  the  ends  of  a  pre¬ 
stressed  member  to  the  beginning  of  a  region  in  which  the  steel 
tension  is  constant.  When  the  pre-tension  force  was  released 
slowly,  the  length  required  to  transfer  the  pre-tension  force  to 
the  concrete  varied  from  ahoMt  1  to  3  ft  from  the  ends  of  the 
members. 

The  prestressing  element  in  a  pre-tensioned  flexural  member 
also  serves  a  function  similar  to  that  of  ordinary  reinforcement 
in  concrete  which  has  not  been  prestressed,  that  is,  it  develops 
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bond  stresses  as  a  direct  consequence  of  flexure.  The  increase 
in  steel  stress  resulting  from  flexure  of  a  prestressed  member 
is  usually  unimportant  under  normal  service  conditions,  that  is, 
in  an  uncracked  condition.  But  if  cracking  occurs,  the  bond 
between  steel  and  concrete  in  the  flexure  region  plays  an  impor¬ 
tant  part  in  governing  the  subsequent  performance  of  the  member - 
Bond  which  develops  as  a  result  of  flexure,  as  distinct  from  that 
required  to  establish  the  prestress,  is  referred  to  as  '*flexural 
bond”  throughout  this  report. 

In  the  failure  tests  of  center- loaded  beams  rexx^rted  in  this 
paper,  flexural  bond  stresses  were  relatively  low  until  flexural 
cracks  occurred  in  the  concrete.  High  steel  stresses  occurred  at 
these  cracks,  and  in  consequence  the  maximum  values  of  flexural 
bond  stress  were  found  initially  adjacent  to  such  cracks  in  the 
midspan  regions  of  the  beams.  As  loading  continued,  however,  the 
high  steel  stresses  spread  outward  from  the  crack  and  the  maximum 
values  of  flexural  bond  stress  moved  from  the  center  toward  the 
beam  ends. 

Since  prestress  transfer  bond  occurred  only  in  the  end  regions 
of  the  beams  there  was  little  interaction  between  flexural  bond 
and  prestress  bond  when  cracking  first  took  place.  Even  at  final 
bond  failure,  as  evidenced  by  end-slip  of  the  prestressing  element, 
the  maximum  values  of  flexural  bond  stress  had  moved  outward  only 
to  a  region  just  overlapping  that  of  the  prestress  transfer  bond. 
Failure  occurred  in  all  cases  before  high  flexural  bond  stresses 
developed  in  the  end  regions  where  the  maximum  prestress  transfer 
bond  stresses  prevailed." 

There  is  an  important  interaction  between  the  increase  in  steel  stress 
due  to  moment  in  the  transfer  length  and  the  transfer  bond  capacity.  One 
component  of  transfer  bond  resistance  is  the  friction  as  provided  by  the 
“Poisson  Effect"  expansion  of  the  strand  against  the  surrounding  concrete 
cover;  this  occurs  when  the  strand  prestress  is  initially  transferred  into 
the  slab.  When  the  slab  is  loaded,  as  in  these  tests,  with  high  flexural 
steel  stress  in  the  transfer  zone,  then  this  stress  reduces  the  strand 
diameter  (reverse  Poisson  effect)  and  hence  also  reduces  the  friction  re¬ 
sistance  of  the  strand  against  the  concrete  cover.  In  a  simple  explanation, 
the  flexural  steel  stress  shrinks  the  diameter  of  the  strand  away  from  the 
walls  of  the  concrete  duct  in  which  it  is  embedded.  Once  separated  from 
contact  with  these  duct  walls,  the  strand  is  easily  drawn  through  the  duct, 
and  strand  slip  is  the  result.  It  is  interesting  to  note  that  this  proc¬ 
ess  of  stress-diameter  decrease  is  used  to  break  the  adhesion  and  withdraw 


the  plastic  post-tensioning  duct  liners  from  the  post- tensioned  slabs. 

Ref.  3  by  Hanson  and  Kaar  offers  a  reasonable  method  of  predicting 
the  beam  strength  (shear)  at  which  strand  slip  may  occur  in  the  transfer 
length  portion  of  the  beam.  However,  it  should  be  recognized  that  the 
Ref.  3  recommendations  are  based  on  solid  rectangular  beam  sections  under 
laboratory  fabrication  conditions.  Bond  slip  values  may  be  expected  to  be 
lower  and  certainly  more  variable  for  the  hollow-core  slab  sections,  as 
fabricated  under  mass-production  conditions,  and  with  varying  amounts  of 
concrete  cover  (3/4  inch  to  2  inches)  for  the  strands.  Otherwise,  the  bond 
slip  curves  of  Figure  5  from  Ref.  3  (see  Figure  B-5)  are  reasonably  appli¬ 
cable  to  the  slab  properties  of  concrete  strength  and  strand  capacities. 

The  value  for  up»40OP5i  is  applicable  for  all  strand  sizes. 

Mode  (3)  occurs  when  the  flexural  bond  stress  in  strand  transfer  length 
is  greater  than  average  transfer  bond  stress: 

‘-‘F  Zojd  -  Lit  =  0  40(^t 
Therefore,  R0  is  V  =  Zlo jd(Q,4'0) 

^  Shear  Flexure 

This  is  shear  failure  in  a  section  carrying  both  shear  and  positive 
bending  moment.  Prediction  of  the  strength  of  this  failure  mode  depends 
upon  the  existence  of  the  prestressing  force  in  the  section.  Therefore, 
this  mode  must  be  considered  for  both  end  span  and  interior  span  condi¬ 
tions. 


In  the  end  span,  shear  intensities  necessary  for  shear  failure  are 
also  large  enough  to  create  flexural  bond  stresses  in  excess  of  transfer 
bond  capacity.  Hence  strand  slip  and  subsequent  prestress  loss  occurs. 


B-15 


Tronsftr  Bond  Strott 


Avorogo  \ 
Tran»f»r  ' 
Longth 


-Avorage  Bond  Stress 
Required  To  Develop 
Tull  Tensile  Strength 
Of  Strond  (275,000  psi) 


o  Generol  Bond  Slip 


•  Volue  At  Fleiurol  Foilure 


-Jr  STRAND 


Bond  Street  / 

At  Which  Slip  ^ 
Will  Probobly  Occur 


Averoge  Tronsfer  Bond  Street 


veroge  Tri 


Averoge  \  ^ 

Tronsfer  \ 
Length 

Bond  Stress  At^ 
Which  Slip  Will 
Probobly  Occur 


Averoge  Transfer  Bond  Stress 


Averoge  Bond  Street 
^Required  To  Develop 
Full  Tensile  Strength 
Of  Strond  (263.000  pti) 


i' STRAND 


Averoge 

Tronsfer 

Length 


'Averoge  Bond  Stress 
Required  To  Develop 
Full  Tensile  Strength 
v  Of  Strond  (263.000  pti) 


Bond  Stress  At 
Which  Slip  Will 
Probably  Occur 


V  STRAND 


0  20  40  60  80  100  120  140  160  180 

Strond  Cmbedntent  Length  ^>iin. 

Fig.  5— Relation  of  overage  bond  stress  to  strand  embedment  length 

Fig.  B-5.  Relation  of  Average  Bond  Stress  to  Strand  Embedment  Length 
(from  Ref.  3). 
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The  resulting  end  span  sections  are  therefore  ordinary  reinforced  concrete, 
and  the  shear  failure  stress  is  predicted  by 
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In  the  interior  span  there  is  no  possibility  of  strand  slip,  and  shear 
strength  prediction  must  include  the  beneficial  effect  of  the  prestressing 
moment, Mp  ,  on  the  section.  This  beneficial  effect  can  be  represented  by 
a  load-resisting  shear, Vp  ,  equal  to  that  shear  necessary  to  cancel  out 
the  prestress  moment, Mp,  in  the  shear  span  og  . 


where  aj  is  measured  from  the  estimated  location  of  the  inflection  point 
to  the  first  interior  load  point.  Then  with  the  prestress  moment  canceled 
out  by  Vp  ,  the  remainder  of  the  shear  resistance  is  given  by 

Total  interior  span  shear  strength  is  given  by 

Vu+Vp 
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SUMMARY 


The  predicted  strength  for  each  of  the  test  slabs  was  calculated, 
based  on  the  equations  presented  herein,  for  each  of  the  applicable  failure 
inodes  and  compared  to  the  actual  test  value  observed  for  each  failure  mode. 


These  data  are  presented  in  Table  B-2.  No  data  are  listed  for  mode  M 


negative  moment  flexure,  since  none  of  the  test  slabs  failed,  nor  was 
predicted  to  fail,  in  this  mode.  The  predicted  mode  of  failure  (*)  on 
the  table  was  selected  by  using  the  ratio  value  (Pmin/Ptest)  nearest  unity. 


In  the  last  column  of  Table  B-2,  the  values  of  the  ratio  of  minimum 
predicted  failure  load  to  actual  load  (Pmin/Ptest)  ^re  seen  to  be  reason¬ 
ably  close  to  unity.  The  low  values  (0.69,  0.77)  indicate  that  the  test 
slab  somehow  developed  extra  high  strength,  probably  caused  by  extra  pre¬ 
stress  or  by  arching  effects  between  load  and  support  pads.  The  ratios 
greater  than  unity  (1.06,  1.09)  indicate  a  slightly  non-conservative  pre¬ 
diction,  where  the  test  slab  failed  early,  perhaps  because  of  loss  of 
prestress  or  a  concrete  weakness. 


It  is  worthwhile  to  remark  that  strand  slip  in  the  anchorage  zone 
was  a  common  occurrence  in  short  shear  span;  it  is  felt  this  type  of  fail¬ 
ure  might  be  less  likely  to  occur  under  uniformly  distributed  (rather  than 
concentrated)  loads. 


Finally,  the  success  in  strength  prediction  was  largely  due  to  the 
availablility  of  the  shear  stress  equation 


The  existing  American  Concrete  Institute  Code  (ACI  313-77)  equation 

Vu^l‘]\I?£-^Z500/°  ^ 

riv/ 

does  not  adequately  represent  the  important  effects  of  high  moment,  M  , 
and  low  steel  percentage,  /*  ,  on  the  shear  strength. 


TABLE  B-2:  CALCULATED  VS  ACTUAL  FAILURE  MODE  CAPACITIES 
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